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Resumo Esta dissertac¸a˜o surge no aˆmbito da colaborac¸a˜o do Instituto de Teleco-
municac¸o˜es com a National Instruments (NI), com o intuito de desen-
volver soluc¸o˜es de caracterizac¸a˜o e medida para conversores RF-DC. Estas
soluc¸o˜es de caracterizac¸a˜o pretendem garantir uma otimizac¸a˜o deste tipo
de circuitos, que e´ a base dos sistemas de Wireless Power Transmission and
Electromagnetic Energy Harvesting.
Pretende-se assim recorrer a co´digo Laboratory Virtual Instrumentation En-
gineering Workbench (LabVIEW) e aos mo´dulos PCI eXtensions for Instru-
mentations (PXI) da NI com o objetivo extrapolar estes sistemas de medida
para aplicac¸a˜o de leitura e medida de Tags Radio Frequency Identifica-
tion (RFID).
Assim sendo, nesta dissertac¸a˜o pretende-se desenvolver um sistema de car-
acterizac¸a˜o do RFID usando o LabVIEW, ou seja, um leitor de RFID.

Palavras-Chave Ra´dio Comunicac¸o˜es, Wireless Power Transmission, Energy Harvesting, RF-
DC, Mixed-Domain, PXI, LabVIEW, RFID
Abstract This dissertation has the collaboration of the Telecommunications Institute
with National Instruments, in order to develop solutions for characterization
and measurement for RF-DC converters. These characterization solutions
are intended to ensure optimization of this type of circuit, which is the ba-
sis of Wireless Power Transmission and Electromagnetic Energy Harvesting
systems.
It is intended to use LabVIEW code and the PXI modules from NI with the
goal of extrapolating these measurement systems to read and measure the
RFID Tags.
Therefore, this dissertation is focused on RFID characterization using the
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A characterization approach based on specific PXI instrumentation is developed using
measurement solutions for RF-DC converters, Radio Frequency Identification (RFID) and so
on. These tests and measurement solutions are important to guarantee the optimization of
circuits, mainly when the energy efficiency needs to be maximized, being such a key point
in wireless power transmission and electromagnetic energy harvesting.In order to use these
characterization systems in useful applications, the first thing to be done was to apply it to
RFID applications. In this sense, the excitation of an RFID tag should be done following a
convenient protocol. This is why the first approach was to design an RFID reader that could
be embedded into the characterization instrument.
The PXI platform is a useful tool in this scenario, because it has the ability of implement
test and measurement applications, for any type of purposes. The LabVIEW programming is
a fundamental requirement to work with PXI, because it is a graphical programming with the
big advantage of the code becoming easier to understand and, for this reason, the programmer
productivity is increased.
For this purpose, an RFID reader and the respective LabVIEW code has been developed,
in order to demonstrate the applicability of modular instrument. Two architectures have
been implemented, one based on a stimulus-response strategy and another based on real-time
interrogator emulation strategy. The RFID reader uses International Standards Organization
(ISO) 18000-6C RFID communication protocol, which operates in the 860-960 MHz frequency
range. Thus, it is important to create an RFID reader application, in order to demonstrate
that this kind of applications are very useful to make RFID tag tests, measurements and to
read tags.
All things considered, in the course of this dissertation another application emerges for
RFID technology that is very significant, nowadays. The spectrum analyzer is a regular mea-
sure instrument used in Radio Frequency (RF) laboratories, and the most recent instruments
have the benefit of having a spectrogram application view too. In fact, the spectrogram view
allows to have a different overview of spectrum, and this is a big advantage in RF world.
Another considering aspect is the fact of seeing what is present in Ultra High Frequency
(UHF) RFID spectrum. In RF laboratories sometimes it is useful to know if signals exist
near frequencies that we are working on. So, building a spectrum analyzer and spectrogram
application is a goal of this dissertation too, because it is another measure system application
using the PXI, and, at the same time, an application case of RFID reader.
Nowadays, Wireless Power Transfer (WPT) is a hot topic because is a technique which
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makes the transmission of electrical power from one device to another device. Therefore, with
this technique the power-charging problem can be resolved. According to this fact, build an
RF-DC measurement system is a requirement to read and to optimize the efficiency of these
circuits. Thus, building an RF-DC measurement system using LabVIEW code is purpose of
this dissertation too.
1.1 Motivation
The RFID [Dob07] [Rob05] technology was used in the Second World War in radar systems
by several countries, like Germany, England,Japan and the United States of America. The
radar system was developed by the Scottish physicist Sir Robert Alexander Watson-Watt. He
also developed an airplane identification system with British Army’s help during the Second
World War, in 1935. For this reason, transmitters were implanted in airplanes that gave dif-
ferent answers to the radar. These signals were received from radar stations on ground and,
this way, the transmission of the response signal was started, which identified the airplane as
friendly. It was then created the first radio frequency identification. The Massachusetts Insti-
tute of Technology (MIT) and other research institutes, in 1999, started the study about an
architecture with radio frequency technology, to apply on product identification applications.
The first radio frequency identification was then created. As a result of this study, Electronic
Product Code (EPC) was defined. EPC defines a product identification architecture using
radio frequency signals, later called RFID.
After all, RFID brings to technology an easy and cheap way to do object identification,
which is very useful and it is currently used in industry applications. Nowadays, because of
these reasons, applications which allow test if tags work or not, applications that allow to
make distance test about RFID tags and read the tags have an important role in industry.
The PXI platform and the LabVIEW code are fundamental tools in measurement system,
developed by National Instruments NI. These two tools were particularly designed to measure
and control systems and, for this reason, the PXI platform is the right choice to develop RFID
reader systems.
Some works were made in this specific area [Ins15a] [Nik09] [Ins13a], and below a brief
description about these issues is made.
1.1.1 LabVIEW-Based UHF RFID Tag Test and Measurement System Re-
view
As it was mentioned before, some works were made in RFID tag test and measurement. An
example of this, is this paper [Nik09], which describes an UHF RFID tag test and measurement
using the PXI and the LabVIEW code. In this work, the authors report how the system was
built and the results obtained. Beyond the PXI, the system is based on RF signal generator,
composed by a PXI-5421 (which generates an arbitrary waveform) and a RF up-converter
PXI 5610. The system is also composed by a RF signal analyzer, with a PXI-5600 (RF
downconverter) and the digitizer PXI-5620.
Two important lessons were learnt. The first one, is the RF signal generator and the
RF signal analyzer in this system present a limitation about synchronization, which is very
important to detect tag response. The reason why this happens is because the system has
separated RF local oscillators (LO). The second lesson is about the LabVIEW processing
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time, which has longer duration than the time limits which imposed different phase relations
in receiver chain.
The analysis of this paper was very important for this dissertation, because it was a
starting point to understand how this dissertation work could be implemented.
1.1.2 Advanced RFID Measurements: Basic Theory to Protocol Confor-
mance Test Review
Another substantial contribution is an article [Ins13a] developed by NI, with the purpose
of giving to scientists in the research and commercial environments, a test and measure-
ment system for tags. Firstly, the RFID theory is shortly explained and then the tag testing
methodology. After that, a brief introduction about tags, antennas and communication pro-
tocols.
As a matter of fact, with this article some doubts about an RFID reader system have
been resolved, because the information about this topic is explained in a simple way. In this
article, two very useful architectures were learnt (explained in chapter 3) to apply in this
dissertation. Thus, this article was important to understand how these architectures could
be applied in this dissertation, as well as, to observe the big difference between these two and
their complexity.
These two papers/articles were very important to start this dissertation and make some
decisions because many initial questions were clarified.
1.2 Objectives
In this dissertation it is intended to develop an RFID reader system capable of giving
some information to the user about RFID tags and an RF-DC measurement system, more
specifically:
• Test the tag functionality: detect if tag can reply or not;
• Make distance measurement test: get the maximum distance which tag can reply;
• Make power measurement test: detect the minimum power which is needed for tag
reply;
• Read the tag: get the tag EPC;
• Make a spectrum analyzer and spectrogram application: analyze and see what
happens in the UHF RFID spectrum for all frequency bands worldwide;
• Make an RF-DC measurement system: get a1, b1, S11, Direct Current (DC) voltage
and efficiency of RF-DC circuits.
To develop the RFID application, the PXI platform and the LabVIEW code are require-
ments. An RFID reader is supposed to be built in UHF range (860 MHz - 960 MHz) and the
ISO 18000-6C RFID communication protocol is used. In downlink, the Pulse Interval En-
coding (PIE) with the (On/Off Key) (OOK) modulation is used and in uplink the Bi-phase
space (FM0) coding is used. The RFID system is supposed to be built for United States of
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America (USA) range and for a dense-interrogator environment, because it is more difficult
to fulfill these specifications, than the European specifications. It makes the project more
challenging.
For sure, the goal of this dissertation is not only to repeat that which has been done in this
topic (RFID reader with PXI platform) in some articles, but the intention to build an RFID
simple system capable of improving some of these works. It is a big purpose to create a useful
tool, for RF laboratory, able to measure, test and read RFID tags, in a simple way to the user.
Another purpose is to build an application which allows to view the RFID power spectrum,
in a user-friendly fashion. Regarding RF-DC circuits, it is important to know the parameters
values (incident wave (a1), reflected wave (b1) and thus, S11 (reflection coefficient)) of these
circuits, because this way the RF-DC circuits optimization can be done, with a LabVIEW
application for this purpose.
1.3 Organization of the Dissertion
This document is divided into 6 chapters, including this introductory chapter:
• Chapter 2 - Technical Background: In this chapter, an introductory explanation is
made of the concepts used in this dissertation.
• Chapter 3 - Archictures and Specifications: There is an intention to explain the
architectures used to build the RFID system and understand the choices made about
some system specifications.
• Chapter 4 - Implemetation: The development and the implementation of the RFID
reader is explained in this chapter.
• Chapter 5 - Results: The dissertation results are demonstrated in this chapter.
• Chapter 6 - Conclusion and Future Work: The conclusion of this dissertation is
done and ways to improve this work in the future are also mentioned.
1.4 Original Contributions
This dissertation work provided the opportunity to participate in CONFTELE 2015, 10th
Telecommunications Conference held in Aveiro between September 17th - 18th. A scientific
paper was written, M. Jorda˜o, D. Ribeiro, P.M. Cruz, N.B. Carvalho, ” RFID Characteriza-
tion System based on LabVIEW” and this one was accepted and presented in poster form, in





This chapter is devoted to explain the baseline topics used in the course of this dissertation.
Firstly, a brief overview of RF communications will be given. The PXI platform is very
important, due to the fact that this element controls all system. The LabVIEW programming
because it is the key element used to develop all system. The RFID is a technology which
allows to identify many objects and is very useful in our days, in many applications, for
instance in industry. The protocol ISO 18000-6C is explained in detail, because it is the
primary tool to start developing the RFID reading system.
2.1 RF Communications
The RF communications [Ins07] is used in wireless communications like phone, television,
radio, satellite and so on, to transmit and to receive information. The operation range [Ana09]
of RF communication can be separated in several ranges, but the most common are concen-
trated in the low end range (3 kHz - 3 GHz). This information can be seen in more detail in
Table 2.1, but in summarised form.
Frequency (Hz) Applications
30 - 3 k Submarine communication
3 k - 30 k Communication for military purposes
30 k - 300 k Navigation and international radio stations
300 k - 3 M National radio stations
3 M - 30 M Radio stations and radiotelephone
30 M - 300 M Frequency Modulation (FM) radio stations radio and Television
stations
300 M - 3 G Television stations, mobile phones and air traffic control by radar
3 G - 30 G Mobile phones, radar, communication satellite and
Global Positioning System (GPS)
30 G - 300 G Space Station
Table 2.1: Operation range in RF communications.
The radio frequency waves are electromagnetic and are able to send energy, which allows
communication without using cables. The information sent can be analog or digital. The
analog signals have a big number of messages and the corresponding waveforms might not
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be all acquaintances. The digital signals have a detection of a finite number of waveform
acquaintances.
The modulation process allows to send information using frequency. A carrier is a radio
signal not modulated, which is an analog waveform that can be modulated to transmit in-
formation. Several types of modulation exist and which one is more useful depends on the
application scenario. The modulation can be in amplitude, frequency or phase.
The transmitter and the receiver are fundamental elements in RF communications, be-
cause they allow to send and receive information, and for this reason the antennas are crucial
elements in radio communications, because they are the interface to the air. To send a signal
in RF communications, a big process happens, the coding of information, the modulation, the
upconversion process, the downconversion process and the demodulation part (can be seen in
Figure 2.1), but other techniques are useful in RF communications like filtering, interpolation,
In-phase/Quadrature (IQ) modulation and many others.
Figure 2.1: Block diagram of communication system [Ins07].
Some aspects are required to send information in RF communications and the IQ mod-
ulator is one of them. The IQ modulator is a useful tool for RF communications, because
it allows to modulate signals to send information, and for this reason it is very used in RF
systems. So, can be concluded that to make RF communications is required take into account
these aspects, because is a complex process.
2.2 PXI Platform
The PXI [Ins14b] platform from NI is a high performance computer. This platform was
developed in 1997 and is administered by PXI Systems Alliance (PXISA), group of companies
which has a goal to promote and control the specifications of PXI. This system is designed
to provide reliable and easily configurable measurement solutions. For these reason, it is
a great solution for electronic test equipment, automation system and modular laboratory
instruments.
The PXI chassis allows to put some slot modules, with different types of functions, so the
PXI has the ability to add different types of front ends to work like receivers and transmitters,
and has the possibility of processing with Field Programmable Gate Array (FPGA).
A bigger advantage of PXI is timing and resources synchronization, because this equipment
contains a 10MHz system reference clock, a PXI trigger bus, a start trigger bus and a slot-to-
slot local bus to address the need for advanced timing and synchronization. Thus, the 10MHz
reference clock can be exported and sharing it with other devices.
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In particular, PXI from NI, affords modules for instrumentation, data aquisition, commu-
tation, movement, vision, advanced sincronization and interface with other buses.
All things considered, a PXIe-1085 [Ins15b] was used in this dissertation, which is present
in Figure 2.2.
Figure 2.2: Instituto de Telecomunicac¸o˜es (IT)’s PXI platform system from NI.
2.2.1 PXI Modules
The PXI platform has the ability to add different types of front-ends to work like receivers
and transmitters and has the possibility of processing the data in FPGAs. These modules
are internally connected to a FlexRIO FPGA module. In this dissertation, two RF Front-end
Adapter Module (FAM)’s from NI were used to connect to the PXI.
NI 5792
The NI 5792 [Ins13c] is an RF receiver adapter module, which connects to PXI and uses
a FPGA module. This module has five connectors, an input receiver, an input and an output
clock, an input and an output local oscillator. The module specifications are briefly shown in
Table 2.2.
RF frequency range 200 MHz to 4.4 GHz
ADC 14-bit dual channel at 250 MS/s
Phase noise <95 dBc/Hz, 10 kHz offset
Dynamic range >106 dB
Instantaneous bandwidth 200 MHz
Table 2.2: NI 5792 specifications.
NI 5793
The NI 5793 [Ins13d] is an RF transmitter adapter module, can be connected with PXI
using a FPGA module. This module has five connectors, an input trnasmitter, an input and
an output clock, an input and an output local oscillator. The module specifications are on
the following Table 2.3.
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RF frequency range 200 MHz to 4.4 GHz
DAC 16-bit dual channel at 250 MS/s
(500 MS/s with 2x interpolation), I and Q
Phase noise <95 dBc/Hz, 10 kHz offset, 2.4 GHz carrier
Transmiter (TX) output power 7 dBm at 2.2 GHz
Instantaneous bandwidth 200 MHz
Table 2.3: NI 5793 specifications.
NI PXI 5652
The NI PXI 5652 [Ins06] is a RF signal generator with a frequency range of 500 kHz to
6.6 GHz. This module has modulation capability and can be seen in Figure 2.3.
Figure 2.3: NI PXI 5652 [Ins06].
2.2.2 NI myDAQ
NI myDAQ [Ins] is an electronic device from NI which allows received and read data, in
other words, data aquisition. This device connects with computers by an Universal Serial
Bus (USB) interface and this way can be done measurements and analysis of signals, easily.
Figure 2.4 shows this device.
Figure 2.4: NI myDAQ [Har13].
2.3 LabVIEW Programming
The LabVIEW software package [Ins13b] [Ins98] is a graphical programming developed
by NI, which contains tools to design, to implement measurement and control systems. This
language was created in 1986, initially, for the Macintosh operating system, but, nowadays,
it exists for Windows, Linux and Solaris operating systems too. LabVIEW language follows
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a data flow model, which makes it very functional for data acquisition and handling of in-
formation. This programming language is very useful for measurements, processing, signals
analysis, control and tests. To interact with user, this language contains a front panel (inter-
face) and a block diagram to develop the graphic code of the program. Figure 2.5 shows an
example of LabVIEW programming, which is a calculator program. As it can be seen, the
program contains the block diagram and the front panel, which allows the user to interact
with the Virtual Instrument (VI).
Figure 2.5: LabVIEW programming example.
The VIs are programs which contain other subVIs inside (functions which contain other
functions). As a result, each program can be used for another program, or, can just be used
stand alone. Each VI can be connected to another VIs, by connectors (lines) that make the
VIs dependents from each other. The big advantage of this, are VIs which do not depend on
others and can be execute in first place. Thus, the program becomes more efficient, with less
time of execution.
One of the great LabVIEW programming advantages is the fact it allows the increase of
productivity, because with the block diagram interface it is simple to view the entire code,
create and to develop. This programming was used in this dissertation, because it is simple
and compatible with most of the selected sub-systems, since it is very helpful in measurement
systems also, and by the fact that it is used in PXIe-1085 from NI.
In summary, the LabVIEW is a great tool to develop graphical code, although the first
steps in this programming language are quite confusing. The reason why this initial difficulty
is present, in most part of beginner’s LabVIEW users, is due to the fact that developers
are more familiar with written programing languages than graphical. When it is required to
adapt all programming concepts to the graphical programming languages, some difficulties
appear, at this moment. So, the big initial difficulty is to make the connection between the
ordinary concepts of programming languages, for instance, built an array, with the respective
blocks in LabVIEW programming.
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2.4 RFID Theory
RFID [VDHP07], is a technology that uses radio frequency waveforms for identification
approaches. This identification method allows to store a serial number that identifies a
person, object or another type of information within the tag. The RFID system is based on
interrogator (reader) and tag communication. Due to this fact, this technology much used
and adaptable in many tasks, which makes this technology very used in industry and stores
to know information about objects. Next, a brief description about this technology is made.
2.4.1 Operating Mode
An RFID system [Dob07] [MKS11] [GS1] consists of two main elements, the reader and
the tag. The reader is responsible for all communication between tag (or tags) and reader,
and is responsible to read the information that the tag contains. Therefore, if problems
exists in reader and tag communication, the reader has the responsibility of managing all
communication and solving all problems. This way, the reader is much more complex than
the tag, and, for this reason, the reader has a much higher cost than the tag, as well as bigger
dimension. However, the tag is an element of low complexity, small size and low cost, which
only has to answer the entire communication process managed by the reader. The system
also contains antenna (monostatic), or antennas (bistatic), which function to transmit and
receive information between the reader and the tag.
The tag transmits the own information by sending the signal from integrated circuit to
the reader. The reader converts the radio waves, from RFID, to digital information. After
this, the information can be read and understood by a computer. Figure 2.6 gives an insight
about the RFID working principle.
Figure 2.6: RFID operating mode.
2.4.2 Types RFID Tags
There are three types of RFID tags [Dob07] [Cis08], depending on the internal power:
• Active tag - has own power source (internal battery), which feeds the chip and the
communication signal. This tag has a large data storage capacity, can resist harsh
environments, has a higher cost and can be read at large distances.
• Passive tag - works with the energy which is sent through the reader, the energy
received is used to send the stored data to the reader. It has a small number of elements,
a simple constitution, a longer period of operation and requires no maintenance, which
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makes it very cheap. However, the passive tag, compared with active tag, has a shorter
range, because it has no internal battery.
• Semipassive tag - has a battery, but that is only activated when it receives a signal
from the antenna/reader. Thus, battery power is typically used only for the chip feeding,
while the energy used for communication is received by antenna/reader. So, these tags
have a range value between passive tag and active tag.
Nevertheless, tags can be classified according to the storage type in internal memory.
There are three types of tags, according to the storage type [Pra08] [Jou]:
• Read only (RO) -the data is written only one time, when it is manufactured, and the
data cannot be changed. However, these tags can be read several times, which make
them very useful for commercial applications, for this reason, typically they are passive.
• Write Once, Read many (WORM) - are written when they are manufactured, but can
be changed a few times, in a limited number.
• Read-Write (RW) - can be reprogrammed many times, which make these tags more
advantageous. Because of this reason, they contain a flash memory and usually are
used in environments which need to update information recurrently.
Thus, the right tag must be selected depending on the reading range, the environment,
and other factors.
2.4.3 Frequency Bands and Protocols
The RFID systems operate in several bands, which are related to Industrial, Scientific and
Medical (ISM) bands. The ISM bands [Ban94] have a control by the regulatory authorities
of each country due to the fact that they have obligations relating to spectrum. The Table
2.4 shows the distribution of UHF RFID frequencies bands worldwide [Dob07].
RFID systems can also be classified by frequency band like in Low Frequency (LF), High
Frequency (HF), UHF and Microwave. The LF systems, which operate at 125-134 kHz, and
the HF systems, which operate at 13.56 MHz, are both inductive. For higher frequencies
there are two common bands, the UHF systems, which operate at 860-960 MHz, and the
microwaves, which operate at 2.4-2.5 GHz, and both are radioactive.
To accomplish communication between the tag and the reader it is necessary to respect
several rules, and these rules are present in a protocol. It is possible to see some RFID
communication protocols [Ins13a] [Dob07] in Table 2.5. These protocols are related with
readers and tags communication frequency and were created by ISO.
2.4.4 Power Transmit Mask
To achieve an RFID communication between reader and tag, some regulations for radio-
frequency emissions are needed to respect, like the maximum power transmitted (Effective
Radiated Power (ERP)). The RFID operates in several bands (ISM bands), like as was
mentioned before, and the entities are responsible to check the specifications, in each country.
Worldwide, two big entities are responsible for doing it, the European Telecommuni-
cations Standards (ETSI) (Europe) and the Federal Communications Commission (FCC)
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Table 2.4: Distribuition of UHF RFID frequencies bands worldwide.
Frequency Tag Type - Protocols
LF 125-134 kHz Passive - HiTag, ISO11784/5, 14223, ISO18000-2
HF 5-7 MHz Passive - iPico DF/iPx, ISO10536
HF 13.56 MHz Passive - ICODE, ISO14443, ISO15693, ISO18000-3
MIFARE, Tag-IT, TIRIS
UHF 850-950 MHz Passive - EPC class 0, EPC class 1, Intellitag,
ISO18000-6A, Title 21, S918, Ucode
UHF 850-950 MHz Semipassive - AAR S918, EZPass, Intelleflex, Maxim,
Title 21
UHF 860-960 MHz Passive - EPC GEN II, EPC class 0, EPC class 1,
Intelitag tolls, ISO18000-6A,B and C, Rail, Title 21
Microwave 2.4-2.45 GHz Active - ANSI 371.1, ISO18000-4
Microwave 2.4-2.45 GHz Passive - Intellitag, ISO18000-4
Microwave 2.4-2.45 GHz Semipassive - Alien BAP, ISO18000-4
Table 2.5: Relationship between RFID communication protocols and frequency bands.
ETSI FCC
Bandwidth of the 200 kHz 500 kHz
transmission channels
Distance between 600 kHz None, because the transmission
transmission channels channels are adjacents
Maximum power transmitted 2 W ERP (33.01 dBm) 4 W ERP (36.02 dBm)
Reader operation frequency 865-868 MHz 902-928 MHz
Table 2.6: ETSI and FCC specifications.
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The Frequency Hopping Spread Spectrum (FHSS) allows to transmit the radio signals
and allows to change the carrier through several frequency channels too. This technique is
used in FCC (see Figure 2.7) and has two big advantages, difficulty to interception and shar-
ing bandwidth with many types of conventional transmitters and with minimal interference.
Thus, this technique is used by FCC. Figure 2.8 represents the technique used by ETSI.
Figure 2.7: USA UHF RFID regulation by FCC.
Figure 2.8: European UHF RFID regulation by ETSI.
Therefore, each type of environment has a transmit mask to respect, and can be applied
different types of power transmit mask. These masks [GS115] are for a single-interrogator
environment, a multiple-interrogator environment or a dense-interrogator environment.
• Single-interrogator environment - in this case it is only taken into account the
european UHF RFID regulation, because there is only one reader.
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• Multiple-interrogator environment - several readers exist in the environment. The
interference in the adjacent channels needs to be respected.
• Dense-interrogator environment - each channel is occupied with a reader. So, tags
can be read when all adjacent channels are occupied.
2.4.5 Relevance to the Internet of Things
The Internet of Things (IoT) [VF13] is a growing issue. This big technology revolution is
the Telecommunication future, in order to provide the connection between the daily routine
objects, with a big control system, through the internet (see Figure 2.9). Thus, data of several
objects can be controlled and registered.
However, besides using the internet to send data, about object information, it is neces-
sary to be constantly reading information of these objects. The RFID tags allow to acquire
the information, at home, in commerce, in factories, for instance, and allow to know the
object localization. Because of these reasons, the RFID tags are the perfect choice for this
scenario [Jou15]. In fact, some tags have the ability to read the information recurrently
(Read-Write Tags), which make these tags very useful for IoT applications.
Nevertheless, the economic factor is very important in any kind of business, the RFID
tags are much easier to develop and do not require maintenance. Thus, systems which allow
to make a successful tags reading and make efficient measurement tag tests are also associated
to all this great revolution. So, this makes the tags and, consequently, the readers (to read
the tag information) a big focal point of IoTs, in the near future. Therefore, it is foreseen
that the IoT will make the RFID tags technology grow, as well as, the RFID readers, more
and more.
Figure 2.9: IoT concept.
2.5 Protocol RFID ISO 18000-6C
The protocol is an agreement which allows to connect and establish communication be-
tween two systems. To develop an RFID reader, in this dissertation, is used the ISO 18000-6C
protocol, EPC Generation-2 Class 1 UHF (EPC Gen-2) [GS115]. This protocol was developed
by EPC Global Organization and operates in 860 MHz - 960 MHz frequency range.
Thus, a tag identification can be done, using an RFID reader and this protocol. To read
a tag it is required to know the parameters which allow to read the tag information. The
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EPC [EPC13] gives an exclusive identification for an object. This attribution is made by
EPC global, a company which makes a unique identification product. The EPC is encoded
on RFID tag, for all kinds of applications, and this way it is possible to identify many different
objects. In Figure 2.10 it is possible to observe the EPC structure.
Figure 2.10: EPC structure.
The header identifies the length, type, structure, version and generation of the EPC. The
EPC manager number is the entity responsible for maintaining the subsequent partitions.
The object class identifies a class of product. The serial number is a unique identifier number
for each product.
An interrogator (reader) to interact with tags employs three operations, the select opera-
tion, the inventory operation and the access operation. The select is responsible for choosing
the one or more tags in a given population. The inventory (or inventory round) is responsible
for identifying an individual tag. The access is responsible for communicating with a tag
which was already identified.
Nevertheless, in this dissertation only the inventory round is used, because it is intended
to get the tag identification. Firstly, it is send a Query command, then the tag replies with a
16-bit Random or pseudo-Random Number (RN16) command. After that, the reader sends
the ACK command, which contains the same RN16 command which was sent by the tag. The
tag, receives the ACK command and sends the Protocol control (PC), EPC and PacketCyclic-
Redundancy Check (CRC). Finally, if EPC is valid, the reader sends to tag the QueryRep
command, if not, sends the NAK command.
In this protocol, the reader sends information to the tag, which modulating a RF carrier
using a Double-sideband amplitude shift keying (DSB-ASK), Single-sideband amplitude shift
keying (SSB-ASK) or Phase-reversal amplitude shift keying (PR-ASK), and using PIE. When
the reader sends the information to the tag (R→T), the tag starts to operate because of this
modulated RF carrier, and this way, the tag is capable to send his own information to the
reader. After this, the reader receives the tag backscattered reply (T→R). To communicate,
the tags use the amplitude, or phase modulation of the RF carrier, by backscatter. The FM0
and Miller are used by the tag like the encoding format to response to the reader.
The following subsections will explain the RFID protocol details.
2.5.1 Modulation
In modulation [Col] process, the signal characteristics are modified to transmit informa-
tion, through the carrier wave, and these modifications can be in frequency, amplitude or
phase. In this protocol can be used DSB-ASK, SSB-ASK, PR-ASK, to send information from
the reader to the tag (R→T). The DSB-ASK modulation is less efficient, however it is easier
to develop with OOK. The SSB-ASK is more complex than DSB-ASK, because it requires
an IQ modulator, but gains in terms of spectral efficiency. In SSB-ASK and DSB-ASK, the
power efficiency present in this modulation depends on the modulaton index. To decrease the
carrier to noise in a narrowband, the PR-ASK is a nice solution, because of that the power
transmitted to tag is increased.
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The Amplitude Shift Keying (ASK) is a digital modulation technique, which uses the
variation of the RF carrier amplitude in accordance with baseband digital input signal. So,
to represent logic level ’0’ is used 0 and to represent the logic level ’1’ is used the Acos(2pif).
The A is the amplitude and the f is waveform frequency.
The OOK modulation is a very popular modulation index [JA]. The digital OOK modu-
lation is simple and is an easy form of ASK modulation. This modulation uses two symbols
to represent logic level ’1’ and ’0’, where both have different amplitudes. For this reason,
the carrier frequency assumes a certain amplitude (voltage level), and, this way, represents
the logical level ’1’. The logic level ’0’ is represented by zero amplitude (voltage level), like
Figure 2.11 shows. The big advantage of this modulation is the transmission of zero sym-
bol. When a zero is sent, it does not need to transmit any waveform, the signal remains in
zero, and this way, allows conserve energy. Nevertheless, this modulation is very sensitive to
undesired signals.
Figure 2.11: OOK modulation.
2.5.2 Pulse Internal Encoding
In encoding process, the message is converted into symbols. PIE [YZC09] (see Figure 2.12.)
is used to easily do the information demodulation in tag, where the information comes from
the RFID reader (R→T).
Figure 2.12: PIE.
Basically, this encoding intends to represent the ’0’ and ’1’ symbols (data 0 and data
1). To do this, variable pulse lengths are used to transmit digital information. According
to the ISO 18000-6C protocol, tags are required to respond to commands. The data rate is
specified by Type A Reference Interval (Tari) value, the time interval required to transmit a
zero bit. The Tari value is between 6.25µs and 25µs. The Pulse With (PW) minimum value
is MAX(0.265Tari, 2) and the maximum value is 0.525Tari. So, the data-0 is represented by
two logic levels, ’1’ and ’0’, and the data 1 is also represented by two logic levels, ’1’ and ’0’.
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However, in data 0 and data 1, the logic level ’0’ is represented by PW value. In data-0, the
logic level ’1’ is also represented by PW, in constrast to data 1, because the logic level ’1’ has
bigger duration (see Table 2.7).
Logic level ’1’ ’0’
data-0 Tari-PW PW
data-1 Minimum: 1.5Tari PW
Maximum: 2Tari
Table 2.7: PIE symbols duration.
2.5.3 FM0 and Miller encoding
The FM0 [Dob07] inverts baseband phase at every symbol boundary. The tag can code
information with FM0 or Miller, to send to reader (T→R).
Figure 2.13: FM0 encoding.
This encoding (FM0) works like a transition in the middle of the ’0’ symbol, but does not
exist a transition in the middle of the ’1’ symbol. Figure 2.13 shows the FM0 encoding and
Figure 2.14 shows the FM0 generator state diagram, which occurs four possible stages, S1,
S2, S3 and S4.
Figure 2.14: FM0 generator state diagram [GS115].
In the Miller [GS115] encoding, the signal FM0 is multiplied by a square wave, using 2,
4 or 8 factor for each FM0 symbol. In this encoding, between two data-0 symbols exists an
inversion of phase and the same happens in middle of data-1 symbol. In Figure 2.15 can be
seen the Miller-signaling state diagram.
In FM0 encoding, the S2 and S3 stages represent the data-0 symbol, and the S1 and S4
stages represent the data-1 symbol. The relation between them remains in (2.1) and (2.2).
S1 = −S4 (2.1)
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Figure 2.15: Miller-signaling state diagram [GS115].
S2 = −S3 (2.2)
In Miller encoding, the S4 and S1 stages represent the data-0 symbol, and the S2 and S3
stages represent the data-1 symbol. The relation between them is the same that in (2.1) and
(2.2). So, the big diference between FM0, Miller 2, 4 and 8 is the number of transitions in
each symbol, and can be seen in Figure 2.16. The FM0 is typically used because of its is
easiness of implementation.
Figure 2.16: Miller-signaling state diagram as compared to FM0 state diagram [GS115].
18
2.5.4 Preamble and Frame-sync
To send commands from reader to tag (R→T) some fields need to be used. Thus, to send
any command from reader to tag a preamble has to be sent (see Figure 2.17) or a frame-
sync (see Figure 2.18). The preamble precedes the Query command, which makes this one
the initiator of the inventory round. The frame-sync precedes the ACK, NAK, QueryAdjust
and QueryRep commands. As can be seen in Figure 2.17, the preamble contains four parts,
the delimiter, the data-0, the Interrogator-to-Tag calibration symbol (RTcal) and the Tag-
to-Interrogator calibration symbol (TRcal). The preamble and frame-sync are very similiar,
however, the frame-sync has not the TRcal part.
Figure 2.17: Preamble [GS115].
Figure 2.18: Frame-sync [GS115].
To calculate each parameter that composes the preamble and frame-sync the values in
Table 2.8 have to be used.
Parameter Value
Tari 6.25 µs≤Tari≤ 25 µs
PW MAX(0.265Tari) ≤PW≤ 0.525Tari




Table 2.8: Parameters which set the preamble and frame-sync.
Therefore, to send information from tag to the reader (T→R) the communication starts
with a FM0 preamble (see Figure 2.19). This preamble is different from the preamble in
R→T communication. It may start or not with a pilot tone (depends on the Query command
sent by tag in the beginning of the communication). The pilot tone is formed for 12 data-0
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symbols. After pilot tone (or if no pilot tone) there are 6 static symbols (1 0 1 0 v 1, v means
violation). After these 6 symbols, the command sent from tag to the reader appears.
Figure 2.19: FM0 Preamble [GS115], with (bottom) and without (top) pilot tone.
2.5.5 Protocol commands
To do the communication between the reader and the tag some commands are exchanged.
That happens in inventory round part, which was implemented in this dissertation.
ACK
The ACK command is sent to the tag (R→T) in order to inform that the RN16 command
was received and is valid. Therefore, when the reader receives the RN16 command from tag,
the ACK command is sent to inform the tag, containing the same RN16 information. Thus,
the ACK command is composed by 18 bits, 2 statics bits (01) and the 16 bits (the same
bits in RN16 command) (see Table 2.9). Nevertheless,a Frame-sync is sent before the ACK
command.
Command RN
# of bits 2 16
description 01 Echoed RN16 or handle
Table 2.9: ACK command [GS115].
After the ACK command is sent, the tag replies with PC, EPC and PacketCRC, which
makes a total of 96 bits.
NAK
The NAK command, such as the ACK command, is preceded by a Frame-sync. This one,
has the purpose to inform the tag that the EPC received is not valid. When this happens,
the tag does not reply to this command. NAK is composed by 8 specific bits (see Table 2.10).
PC, EPC and PacketCRC
The PC, EPC and PacketCRC command (see Table 2.11)) is composed by 96 bits and is
sent from the tag to the reader (T→R), after the reader sends to the tag (R→T) an ACK
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Command
# of bits 8
description 11000000
Table 2.10: NAK command [GS115].
command. This command contains the tag EPC, which gives an exclusive identification for
each tag. Like in the other commands, this one is preceded by a FM0 preamble.
PC, EPC and PacketCRC command
# of bits 96
Table 2.11: PC, EPC and PacketCRC command.
Query
The Query command is responsible for initializing the communication between reader
and tag, and is preceded by a preamble. This command contains all the communication
configurations between reader and tag, and due to this reason, the Query command starts
the inventory round. Table 2.12 shows all fields that form this command, which is composed
by 22 bits.
Tag replies to the Query command with a RN16 command.
QueryAdjust
The QueryAdjust command is preceded by a Frame-sync and is composed by a total of 9
bits (see Table 2.13). The purpose of this command is to adjust the Q parameter value.
The tag replies with a RN16 command, after being sent a Query Adjust command.
QueryRep
QueryRep command informs the tag to decrease one unit in your slot counter. Thus, when
the slot counter reaches the zero value, the tag knows that it is your time to be read. This
command is also preceded by a Frame-sync and has 4 bits, which can bee seen in Table 2.14.
When a Query command is sent to the tag, the tag replies with a RN16 command.
RN16
The RN16 command (see Table 2.15) is composed by 16 bits randomly generated and is
sent from the tag to the reader (T→R), after reader sends to tag (R→T) a Query command.
FM0 preamble precedes this command.
2.5.6 Power Transmit Mask
This protocol can be applied on three power transmit masks, the single-interrogator envi-
ronment, the multiple-interrogator environment (see Figure 2.20) and the dense-interrogator
environment (see Figure 2.21). Table 2.16 depicsts the specifications for multiple-interrogator
and for dense-interrogator environments.
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Fields Definition # of bits Bits
Command Starts the Query command. 4 1000
DR Sets Backscatter-link frequency (BLF) 1 0: DR=8
value. 1: DR=64/3




TRext Sets if preamble from tag has pilot tone 1 0: No pilot tone
or not. 1: Use pilot tone








Target Select the type of tags that respond to 1 0: A
this command. 1: B
Q Sets the number of slots in the round. 4 0-15
CRC A 16-bit CRC 5 CRC-5
code that a tag calculates over its PC,
optional XPC
word or words, and EPC
and backscatters during inventory.
Table 2.12: Query command fields.
Fields Definition # of bits Bits
Command Starts the QueryAdjust command. 4 1001




UpDnt Adjusts the Q parameter. 3 110: Q=Q+1
000: No change to Q
011: Q=Q-1
Table 2.13: QueryAdjust command fields.
In multi-interrogator environment, the channel R represents the channel used to send
information, the channel S represents other channel than R and the P represents the power
of a particular channel. To fulfill the power transmit mask, when any information is sent in
channel R, the relation between power in channel S and channel R is shown in Table 2.16.
In dense-interrogator environment, the RBW represents the R channel bandwith and the
SBW represents the S channel bandwith. The F0 is the offset frequency and the Fc is the
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Fields Definition # of bits Bits
Command Starts the QueryRep command. 2 00




Table 2.14: QueryRep command fields.
RN16
# of bits 16
Table 2.15: RN16.
Figure 2.20: Transmit mask for multiple-Interrogator environment [GS115].
Figure 2.21: Transmit mask for dense-Interrogator environment [GS115].
carrier frequency. In this environment, the ratio between channel S, which is centered in
(n.F0)+Fc, (n is an integer) should be respected.
2.5.7 Link Timing
In order to fulfill the communication between reader and tag, time limits need to be re-
spected. In Figure 2.22 it is possible to understand the relation between commands and time.
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Multi-interrogator environment Dense-interrogator environment
|R-S|=1: 10log10(P(S)/P(R)) < -20 dB |n|=1: 10log10(P( SBW )/P(RBW )) < -30 dB
|R-S|=2: 10log10(P(S)/P(R)) < -50 dB |n|=2: 10log10(P(SBW )/P(RBW )) < -60 dB
|R-S|=3: 10log10(P(S)/P(R)) < -60 dB |n|>2: 10log10(P( SBW )/P(RBW )) < -65 dB
|R-S|>3: 10log10(P(S)/P(R))< -65 dB
Table 2.16: Values to respect in power transmit mask [GS115].
During inventory round, it is required to have a continuous wave between each command,
sent by the reader. This happens because the tag to get energized and thus, be able to reply
to reader commands.
First, the Query command is sent and tag replies with the RN16 command, and at the
same time, the T1 must be respected. T1 represents the immediate time that tag can reply,
after tag receives a command.
Then, after tag sends a RN16 command, the reader has to send a ACK command with a
maximum time limit of T2. T2 represents the time that reader has to demodulate a signal
from tag and send a new one. After reader sends the ACK command, the tag has to reply
with a PC, EPC and PacketCRC, until T1 time. When reader receives the PC, EPC and
PacketCRC, the T2 time is the limit time for reader to send the QueryRep command, or the
NAK command. If the T1 and T2 are exceeded, the communication ends. Thus, the times
are one of the most important requirement for the communication between reader and tags.
Figure 2.22: Link timing [GS115].
To calculate the T1 and T2 times, the formulas in Table 2.17 are used, which depend on
the Backscatter-link pulse-repetition interval (Tpri), Frequency tolerance (FrT) and RTcal
values. It should be noted that the Tpri value is calculated according (2.3) and the BLF





2.5.8 Backscatter Link Rates and CRC
The BLF value is the symbol frequency sent by the tag. In FM0 encoding the BLF value
is the data-rate. The (2.4) specifies the relationship between BLF, Divide Ratio (DR) and
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Parameter Minimum Nominal Maximum
T1 MAX(RTcal,10Tpri) MAX(RTcal,10Tpri) MAX(RTcal,10Tpri)
×(1-|FrT|)-2µs ×(1+|FrT|)+2µs
T2 3.0 Tpri 20.0Tpri
Table 2.17: Link timing parameters [GS115].
TRcal. Table 2.18 shows the link frequencies and tolerances specified for DR of 64/3 and the





BLF TRcal FrT FrT Frequency
(µs +/- 1%) (nominal temp) (extended temp) variation
during
backscatter
33.3 640 +/-15% +/-15% +/-2.5%
33.3<TRcal<66.7 320<BLF<640 +/-22% +/-22% +/-2.5%
66.7 320 +/-10% +/-15% +/-2.5%
66.7<TRcal<83.3 256<BLF<320 +/-12% +/-15% +/-2.5%
83.3 256 +/-10% +/-10% +/-2.5%
83.3<TRcal≤133.3 160≤BLF<256 +/-10% +/-12% +/-2.5%
133.3<TRcal≤200 107≤BLF<160 +/-7% +/-7% +/-2.5%
200<TRcal≤225 95≤BLF<107 +/-5% +/-5% +/-2.5%
Table 2.18: Tag-to-Interrogator link frequencies for DR=64/3 [GS115].
BLF TRcal FrT FrT Frequency
(µs +/- 1%) (nominal temp) (extended temp) variation
during
backscatter
17.2≤TRcal<25 320<BLF≤465 +/-19% +/-19% +/-2.5%
25 320 +/-10% +/-15% +/-2.5%
25<TRcal<31.25 256<BLF<320 +/-12% +/-15% +/-2.5%
31.25 256 +/-10% +/-10% +/-2.5%
31.25<TRcal<50 160<BLF<256 +/-10% +/-10% +/-2.5%
50 160 +/-7% +/-7% +/-2.5%
50<TRcal≤75 107≤BLF<160 +/-7% +/-7% +/-2.5%
75<TRcal≤200 40≤BLF<107 +/-4% +/-4% +/-2.5%
Table 2.19: Tag-to-Interrogator link frequencies for DR=8 [GS115].
The CRC is a parameter used by reader and tag to validate commands in R→T and
T→R communication, respectively. The CRC can be the CRC-5 and CRC-16. The first one
is explained in Table 2.20 and the second one is explained in Table 2.21
Length Polynomial Preset Residue
5 bits x5+x3+1 010012 000002
Table 2.20: CRC-5 [GS115].
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CRC Type Length Polynomial Preset Residue
ISO/IEC 13239 16 bits x16+x12+x5+1 FFFFh 1D0Fh
Table 2.21: CRC-16 [GS115].
2.5.9 Short Protocol Overview
After the protocol has been explained, it is possible to make a short overview, to under-
stand better the protocol process more easily. Figure 2.23 presents a short overview of some
protocol steps.
First a Query command is created, which starts the communication between the reader
and the tag. In Figure 2.23 it is possible to observe each parameter, which composes the Query
command. However, it should be noted that the preamble part before the Query command
is missing. After building the Query command, the coding process starts. As it can be seen,
a 1 symbol is encoded with a data-1, and a 0 symbol is encoded with a data-0. As was
explained before, the data-1 and the data-0 have different duration. Then, the modulation
process starts, and, after that, the command is ready to send, the Query command, to the
tag (in this example the OOK modulation was used).
The tag replies with a RN16 command and then this one is decoded. To decode the RN16
command, the tag sends a FM0 preamble, which may contain a pilot tone, or not, sends six
symbols, and lastly, sends the RN16. Then, the information from tag is read, using FM0 or
Miller encoding (in figure example FM0 encoding was used).
Thereafter, although it is not present in Figure 2.23, the reader starts to build the ACK
command, and uses the same process until sending this one to tag. The tag replies with PC,
EPC and PacketCRC command, using the same process in RN16 command, like as explained
before.
The figure allows to better understand how protocol works and specify all protocol steps,
in a summarised form.
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The purpose of this chapter is to explain the reason why the elements that compose the
RFID reader system were chosen, explain the architectures which were used to develop the
system and explain the choice of the specifications to test the system.
To develop the RFID reader, like any other system, it is necessary, first of all, to make
technical decisions. The technology to use, the equipments, the architecture of the system,
the programming language, in other words, the hardware and the software are fundamental
choices to initiate the development of system, to make it more efficient as possible. In addition,
a specific issue is the communication protocol that should be implemented respecting several
details, as explained in previous chapter.
Therefore, the first element taken into account, in this dissertation, was the PXIe-1085
from NI, because it was intended to provide one application for that measurement instrument.
For this reason, the LabVIEW programming language was used to develop the entire system.
Subsequently, the ISO 18000-6C communication protocol was selected, as mentioned be-
fore. This choice was made because this communication protocol operates in UHF range,
860 MHz - 960 MHz, the range that is intended to develop the RFID reader. It is intended
to get the tag identification, and to do this, it is only necessary the Inventory Round part
of the protocol. The Figure 3.1 shows how the Inventory Round works, and how it will be
implemented in this dissertation.
Figure 3.1: Communication between reader and tag.
As shown in Figure 3.1, the Query command is sent to tag with all configurations which
are required to communicate. Then, the tag replies with a RN16 command, in case the slot
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to read tag is zero. If the slot is not zero, the tag does not respond. The reader receives the
RN16 and sends the ACK command to tag, with the same RN16. The tag, if ACK command
contains a valid RN16, replies with PC and EPC. If ACK command does not contain a valid
RN16, the tag does not respond. This way, the EPC is obtained, from tag.
Thus, after understanding how protocol works, the study process was started about ar-
chitectures, which allowed to develop simple and reconfigurable RFID reader, using some
resources commonly available in laboratory environment. The two architecures used in this
dissertation were a stimulus-response architecture and a real-time interrogator emulation ar-
chitecture, which are described below.
The architectures used to build the spectrum analyzer and spectrogram application and
the RF-DC measurement system will also be explained later on.
3.1 Stimulus-Response Architecture
To develop an RFID reader, using LabVIEW programing, a stimulus-response [Ins13a]
architecture was used. In this architecture, the Vector Signal Generator (VSG) interrogates
the tag with a Query command and, simultaneously, sends a digital marker to trigger the
Vector Signal Analyzer (VSA). This way, the VSA captures the signal backscattered signal
by the tag, and processes the information, in PXI.
This architecture was chosen because it is freely available in IT’s RF laboratory facilities.
In Figure 3.2 it is possible to observe the block diagram which was used to develop the RFID
reader with stimulus-response architecture.
Figure 3.2: Block diagram of stimulus-response architecture.
In Figure3.2 it is possible to observe that the system has as principal element the PXIe-
1085, which is responsible to control all system process. The PXIe-1085 is connected to
VSG and VSA by ethernet. In this dissertation, the SMJ100A VSG was used, from Rohde
& Schwarz, which operates until 3 GHz. The VSA used was FSW Signal and Spectrum
Analyzer, from Rohde & Schwarz, which operates from 2 kHz to 8 GHz. The VSG and VSA
are connected by 10 MHz reference connector. The transmission antenna are connected to
VSG, antenna which is responsible for sending the signal to tag. To acquire the signal from
tag, a reception antenna was connected to VSA. The transmission and reception antennas,
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which were used are shown in Figure 3.3. These antennas (transmission and reception) are
equals, so the specifications [KAT] are equal too, and can be seen in the Table 3.1.
Figure 3.3: Transmission and reception antennas.
Antennas specifications
Description 736624 Kathrein Antenna
Operating Frequency 870 MHz - 960 MHz
Polarization Vertical
Gain 7 dBi
Table 3.1: Transmission and reception antennas specifications.
Figures 3.4 and 3.5 show the tags that were used for system test. The first tag is
ALN-9640 Squiggle Inlay [Tec14a], from IDSolutions and it is a high performance general
purpose RFID inlay for use in a wide variety of applications. The second one is ALN-9654 G
INLAY [Tec14b], from Alien Technology, and is an ultra-high-performance. Both tags work
in RFID UHF range, 840 MHz - 960 MHz, with ISO 18000-6C protocol, and they contain the
same chip [Tec14c].
Figure 3.4: Tag from IDSolutions.
Figure 3.5: Tag from Alien Technology.
After deciding which elements to integrate the stimulus-response architecture, the flowchart
of LabVIEW program was developed, which can be seen in Figure 3.6.
First, the Query command is created, which initializes the communication between the
reader and the tag. Then, the while loop is started, responsible for controlling the power
value, which wakes up the tag. It should be noted that, the program can be initialized by a
frequency chosen by the user.
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Figure 3.6: Flowchart of the stimulus-response architecture program to develop LabVIEW
code.
The maximum limit of transmission power defined by FCC is 4 W (36.02 dBm). However,
the VSG is limited in output power capabilities and does not fulfill the maximum specs, but
in any case, an external driver could be used.
This while loop begins to configure the VSG, and after that sends the Query command
to VSG. The VSA starts to capture data since the VSG sends a Query command to tag. So,
this way, the VSA captures the RN16 command, which was sent by tag. If the VSA does not
detect any tag response, the system increases the power, and then sends the Query command
to tag again. If, VSA detects tag response, the PXI starts to decode the RN16. Even if, the
decode was not valid, all process starts again (send Query command to VSG), although the
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power value is kept. If the decode is valid, then creates the ACK command and sends it to
VSG. Again, the VSA is used to capture data from tag, and if tag does not respond, a Query
command is sent with same power value. Also, if tag responds, the EPC decoding is started.
Once again, if the EPC decoding is not valid, starts to send a Query command with same
power. If the EPC is valid, then the EPC is saved and the program over. In other words, at
this moment, the tag was read with success.
However, when this architecture started to be developed in laboratory, a big limitation was
quickly found. Due to the fact that it is required to select the file in VSG, when a command
is sent to VSG, it became unsustainable to send ACK command in time. After decode RN16,
create the ACK command and send to VSG the file must be selected in VSG, manually.
So, obviously, the time of microseconds (T2) between the tag and reader to complete all
communication expires. Therefore, this architecture has a big limitation, because it does not
allow to do all tag reading process, so the flowchart present in Figure 3.6 can not be applied,
because of this limitation.
Thus, because of this limitation, the flowchart was changed. The reason is because it was
necessary to adapt the program to this limitation, and this way, the program became more
simple. Thereby, the flowchart used is present in Figure 3.7.
Figure 3.7: Flowchart of the stimulus-response architecture program to develop LabVIEW
code simplified.
It should be noted that the while loop is not present in program because when any change
happens, it is required to send the file to VSG, and to select the file in VSG manually. So,
the while loop is not required. Each time the program needs to be run, manual interaction
is required with the VSG, so,the LabVIEW program is only needed to run once, and this
way, the while loop is not required. The code can be seen in Figure 3.8. First, the preamble
is built, then, the Query command is converted into baseband signal. After, the continuous
wave is done, and all sequence is merged. Finally, the code is sent for VSG block, which
contains all VSG configuration and sends the data to VSG.
The VSA code is in other VI, because it is only required to run when the user selects the
file in VSG. This code can be seen in Figure 3.9. In this figure is seen that, besides the VSA
configuration, after capture the data from VSA, the RN16 block makes the decoding of data
from tag, and then, the ACK block develops the ACK command.
In summary, the Query command was created first, then it was sent the Query command
to VSG, and the user selects the file, which contains the Query command in VSG. The user,
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Figure 3.8: LabVIEW code of VSG.
Figure 3.9: LabVIEW code of VSA acquisition.
after selecting the file, starts the VSA, in other VI. This VI is responsible for reading the tag
response and decoding the RN16, which was sent by tag.
However, despite this limitation, this architecture allows to send the Query command and
receive the tag response (RN16). Although, this part of communication is not enough to get
the EPC, but is enough to make communication tests and measurement with tags. In other
words, this system is useful to test tags response, and it is also useful to perform tag distance
tests. So, this architecture, in spite of not allowing to develop a complete RFID reader, allows
to develop an UHF RFID tag test and measurement system.
3.2 Real-Time Interrogator Emulation Architecture
Due to the fact that the communication times between reader and tag were not fullfilled
in stimulus-response architecture, it was necessary to find another alternative.
Thereby, the real-time interrogator emulation architecture [Ins13a] was chosen to the
RFID reader system. The reason for this choice is that the RF modules uses the PXI FPGAs,
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and this way is able to decode and retransmit commands faster, than in the other architecture
(VSG and VSA), between reader and tag.
Although, this architecture was used in this dissertation, the FPGA processing was not
employed, so existing FPGA LabVIEW example blocks were used in order to facilitate the
implementation. In this sense, to choose a transmitter and a receiver that allows to send
commands between reader and tag. Therefore, to the RFID reader system, a RF Transmitter
and RF Receiver were chosen, instead of a VSG and a VSA, respectively.
Figure 3.10: Block diagram of real-time interrogator emulation architecture.
As it can be seen in Figure 3.10, the block diagram is more simple than in stimulus-
response architecture. The TX module configuration code and Receiver (RX) configuration
code were divided in three blocks, in order to optimise the system performance. Thus, the
three parts were not shown in this dissertation. Although, can be said that these blocks only
contains the configuration of the RF modules.
The PXIe-1085 is the key element which realizes all system processing, and is connected
to both RF modules. This way, RF transmitter, NI 5793, and RF receiver, NI 5792, modules,
were used, both from NI and connected with PXI chassis (can be seen in Figure 3.11).
Figure 3.11: PXI with NI 5792 and NI 5793.
The NI 5792 and NI 5793, radio frequency receiver and transmitter, respectively, are both
adapter modules designed to work in FPGA module, in PXI.
The transmission antenna is connected to RF transmitter, NI 5793, which sends the signal
to tag. The reception antenna receives signal from tag, and is connected to RF receiver, NI
5792. It should be noted, that the transmission antenna and the reception antenna are the
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same ones represented in stimulus-response architecture, as well as the test tags. Thereafter,
the LabVIEW code was developed, which controls all system, the respective flowchart can be
seen in Figure 3.12
Figure 3.12: Flowchart of the real-time interrogator emulation architecture program to de-
velop LabVIEW code.
As it can be seen, in first place, the TX and RX modules, NI 5793 and NI 5792, were
configured because this configuration is only needed to be done one time. Then, the while
loop is started which controls the power value sent to tag. After that, the TX module, NI
5793, is configured with the first power value, which was configured by the user. It should
be noted that frequency can be initialized by the user. The same process about maximum
power limit used in stimulus-response architecture was applied in this architecture.
After, the TX module was configurated with power value, the Query command was created
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and sent to TX. At this moment, the RX module started to acquire the tag response. If tag
does not reply, the power value is increased and all process starts again. Else, if tag replied,
the RN16 decoding is done and is verified, if the decoding is valid. Furthermore, if RN16
decode is not valid, the Query command is sent again to TX, with the same power value. Else,
if RN16 is valid, the ACK command is created. Then, the ACK command is sent to TX and,
one more time, the RX acquires the tag reply. If tag does not reply, all process starts again,
with the same power value. If not, the EPC decoding is made. If the EPC decoding does not
valid, all process repeats again, as was mentioned before. Again, if the EPC decoding is valid
the EPC data is saved, and the program is ended.
It should be noted that all kind of code that could be done without needing to be done
depending on previous blocks, was made in order to optimize the system runtime. In Figure
3.13 the use of LabVIEW code can be seen.
Figure 3.13: LabVIEW code of real-time interrogator emulation architecture.
Nevertheless, developing this architecture without FPGA processing led to the same prob-
lem that of stimulus-response architecture. This happened because using the PXI to process
all code, is not considered real-time process. It is only real-time process if it is made in FPGA.
This way, it has not succeeded in fulfilling all the communication between reader and tag,
because the T2 is not fulfilled.
In conclusion, the FPGA processing is fundamental to develop all protocol steps. Once
again, only the RN16 reply was obtained from tag. Thus, like in stimulus-response architec-
ture it was only possible to develop a tag test and a measurement system.
It should be said that all this process was very important to better understand how RF
modules and PXI work even though FPGA processing was not used.
The time required to send data to the RF transmitter module, the time that is necessary
to capture data from the RF reception module, the time required to send data into the FPGA
and the time required to capture samples from both RF modules, are several features that
enabled a more intensive study of how all these processes occurred.
In summary, this study brought a greater knowledge about PXI and RF modules, NI 5793




To build an RFID reader some decisions were needed to be made about system specifica-
tions. The main specifications to be accomplished by the RFID reader are in Table 3.2
Reader carrier frequency 915 MHz
Bandwidth of the transmission channel 500 kHz
Distance between channels None, because the transmission channels
are adjacents
Maximum output power 4 W ERP





Table 3.2: RFID reader specifications.
The 915 MHz carrier frequency was used, because the system was designed for USA range.
The USA range differ between 902 MHz and 928 MHz, and 915 MHz is the middle value.
Each channel has a bandwidth of 500 kHz, and that was a reason to choose a USA range. The
distance between channels does not exist because in USA case the channels are adjacents.
The sampling frequency chosen is 100 MHz, since with this value it is possible to have
more samples to build the signal and this way prevent the aliasing.
The power allowed for USA range the maximum power transmitted is 4W (36.02 dBm)
ERP. Nevertheless, this value is easily changeable by the user, if desired.
The SSB-ASK and OOK modulation was used in this dissertation. The reason why this
modulation was chosen is because the SSB-ASK is more spectrally efficient, but is more
complex and requires an IQ modulator. The PIE and the FM0 coding were used because of
protocol specifications.
Also, others values were chosen to fulfill the protocol. The Tari value chosen was 16 µs
because it is the middle value between 6.25 µs and 25 µs (values defined in the protocol). For
PW value was chosen 8 µs (Tari/2), because this way the data-0 has the same duration for
both logic levels ’1’ and ’0’. The RTcal value chosen was the 2.75Tari (44 µs), because it is
the middle value between minimum and maximum, and, for the same reason, for the TRcal
was chosen 2.05RTcal (90.2 µs). For the data-1 was chosen the 1.75Tari value, because it is
the value between maximum and minimum.
It should be noted that all commands have the same duration for data-0 and data-1
symbols. In fact, the RFID reader has been built for the user who can change the carrier
frequency easily.
3.4 Application Use Case (Spectrum Analyzer)
In RF communications there are several instruments which are fundamental to generate
and analyze RF signals. The spectrum analyzer [VTS13] is an important tool in RF world,
because it allows to analyze the signals in frequency domain and to see the harmonics com-
ponents. This way, this instrument allows to see the amplitude of the signal, in y axis, and
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the frequency signal, in x axis. Other information can be read about the signal, like time,
power and voltage, besides frequency.
Nowadays, it is more and more usual to see the spectrum analyzers instruments with an
extra tool like spectrogram. The spectrogram is light decompostion technique which analyzes
the power spectral density. So, the spectrogram is used to indicate the intensity variation
of the power spectral density, which allows to analyze in detail the composition of signal,
according to the colour variation.
For this reason, an UHF RFID spectrum analyzer was developed with the purpose of
understanding what happens in this specific frequency range during the operation of an RFID
reader and tag communication. Thus, a LabVIEW application that shows the power spectrum
and its spectrogram representation has been built. This was implemented for each worldwide
standardized UHF frequency band.
Figure 3.14: Block diagram of spectrum analyzer application.
The application developed was very useful when analysing details on the RFID signal
produced in the frame of this dissertation. The big advantage of this application is to see in
a much faster way the power spectrum and the spectrogram of UHF RFID frequency band,
without using other laboratory instruments.
In Figure 3.14, it can be seen the block diagram of the system, which includes the PXI
platorm with the necessary PXI receiver board connected to an antenna for the UHF band.
3.5 RF-DC measurement system
As mentioned before, the RF-DC converters are being every time more used because of
their importance in the WPT world [XA15] [JCR14]. For this reason, an RF-DC measurement
system was developed in order to read the circuits outcomes and to permit its optimization.
Figure 3.15 shows the block diagram of this system.
As can be seen, the system is composed by a PXI, to control all system and two couplers,
from Marki Microwave, to read the incident (a1) and reflected (b1) waves, by connecting these
coupled waveforms to two RX modules on the PXI (NI 5792). Also, the system contains an
RF signal generator (NI 5652) and a NI myDAQ which reads the DC voltage from RF-DC
circuit, and it is connected to PXI through an USB interface.
To develop the LabVIEW code of RF-DC measurement system, the flowchart present in
Figure 3.15 was followed. It is intended to have an application to measure the parameters
of the RF-DC circuit, and this way getting the best result in each case. So, two while loops
were created in order to sweep the frequency and the power at the RF port. After this, the
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Figure 3.15: Block diagram of RF-DC measurement system.
Figure 3.16: Flowchart of RF-DC measurement system.
NI PXI 5652 module is activated. Next, the RX modules are read in order to get the a1 and
b1 waveforms, and then, allowig not only the calculation of the RF-DC conversion efficiency,
but also the RF matching performance (known as S11). Finally, for each input power level a
file is created with all information. This system was developed to show that RF-DC measures
in PXI can be done and this way, this work can be a step to develop a robust measurement
system.




In this chapter focuses in detail how the whole RFID reading system has been built. So,
it is intended to explain all RFID implementation, since the construction of the commands to
be sent to the tag, until the decoding of the signals read from the tag, using LabVIEW code.
The implementation how spectrum analyzer and spectrogram and the RF-DC measurement
system were implemented is explained too.
4.1 Commands Development for R→T Communication
The first thing to be done in RFID reader system was the development of the commands,
because these start the reader tag communication (R→T). As explained under, in subsection
2.5, before sending any command from reader to tag (R→T) and from tag to reader (T→R),
it is required a preamble and frame-sync, depending on the cases. For this reason, the
development of the preamble and the frame-sync in communication (R→T) was started.
4.1.1 Development of the Preamble and the Frame-sync
Figure 2.17 shows, in chapter 2, how the preamble is composed by four parameters, the
delimiter, the data-0, the RTcal and the TRcal.
As mentioned in section 3.3, the 100 MHz was used as the sampling frequency. It is
intended to generate the number of samples required to do the preamble time. However,
each parameter of preamble has a specific duration. So, it was necessary to calculate each
parameter separately to built the preamble. The (4.1) was used to calculate the number of
samples of each parameter, and this equation allows to calculate the number of samples using





Table 4.1 shows the number of samples of each parameter, which compose the preamble,
using the (4.1).
Frame-sync is composed by the same parameters than preamble, as was mentioned in
section 2.5.4, though does not have the TRcal parameter. Hence, the frame-sync has the
same values for delimiter, data-0 and RTcal, than preamble. The total duration value of
frame-sync is 72.5 µs and 7250 samples.
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Duration (µs) Number of samples
delimiter 12.5 1250
logic level 1 = 8 logic level 1 = 800
data-0 logic level 0 = 8 logic level 0 = 800
total = 16 total = 1600
logic level 1 = 36 logic level 1 = 3600
RTcal logic level 0 = 8 logic level 0 = 800
total = 44 total = 4400
logic level 1 = 82.2 logic level 1 = 8220
TRcal logic level 0 = 8 logic level 0 = 800
total = 90.2 total = 9020
Total 162.7 16270
Table 4.1: Preamble values.
Whereupon, was developed the respective LabVIEW code for coding the preamble and
frame-sync. Figure 4.1 shows the implementation results of preamble and frame-sync. As
can be seen, the duration in number of samples, of each parameter of the preamble, and the
frame-sync, as well as, the total duration, was achieved. So, it is easy to understand that
Table 4.1 values, match with Figure 4.1 values.
Figure 4.1: Preamble and frame-sync results in LabVIEW code.
The next step was modulate the preamble and frame-sync with a waveform with 1 MHz of
frequency. Then, a low pass filter was applied in order to secure that the power transmit mask
is fulfilled. The way how this filter was developed is explained in this chapter afterwards.
Finally, the last step of preamble and frame-sync building was done the IQ modulator.
The way how IQ modulator was developed and the reason why it was used is explained after
in this chapter. The final result of preamble and frame-sync can be seen in Figure 4.2.
After the end of the preamble and frame-sync implementation, the development of the
Query command began.
42
Figure 4.2: Preamble and frame-sync baseband results, with a low pass filter and an IQ
modulator in LabVIEW code.
4.1.2 Development of Query Command
The Query command, like as explained in subsection 2.5.5, is composed by 22 bits. The
same process to build the preamble and the frame-sync was applied to build the Query
command.
As explained before, for each tag, the Query command parameters are different, so it is
required to configurate these parameters. The interface to configure the Query command
parameters to specify one tag, in LabVIEW code, can be seen in Figure 4.3.
Figure 4.3: User interface for specify the Query command parameters in LabVIEW code.
To build the Query command, in number of samples, the same process was used as in
preamble and frame-sync. The Query command is composed by zeros and ones symbols, so,
in Table 4.2 can be seen the duration, and the number of samples, of data-0 and data-1.
Figure 4.4 shows an example of Query command. This example contains 6 zero symbols
and 16 one symbol, so the total number of samples should be 42400, as can be seen in
Figure 4.4.
Then, like in preamble and frame-sync process, a low pass filter was applied in the Query
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Duration (µs) Number of samples
logic level 1 = 8 logic level 1 = 800
data-0 logic level 0 = 8 logic level 0 = 800
total = 16 total = 1600
logic level 1 = 20 logic level 1 = 2000
data-1 logic level 0 = 8 logic level 0 = 800
total = 28 total = 2800
Table 4.2: Query command values.
Figure 4.4: Example of Query command LabVIEW code.
command, and then a IQ modulator. It is also important to notice, that before sending the
Query command, a preamble is sent.
4.1.3 Development of ACK Command
The same procedure was used to implement the ACK command. So, the ACK command,
which contains 18 bits and uses data-0 and data-1 symbols to coding it, was built the same
way as Query command. The result can be seen in Figure 4.5. It should be noted that the
data-0 and data-1 have the same duration than in Query command implementation, obviously.
Figure 4.5: Example of ACK command in LabVIEW code.
Although, as mentioned in subsection 2.5.5, the ACK command is composed by RN16.
This ACK command example, contains one RN16 command sent by tag. This example, which
contains 9 zero symbols and 9 one symbols, has the total number of samples of 39600. It
is noted that, before sending an ACK command, a frame-sync was sent. Once again, after
building the ACK command into number of samples, a low pass filter and an IQ modulator
were applied.
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However, in this dissertation, the Query and the ACK commands were only used in R→T
communication, because with just these two commands it is possible to obtain the tag EPC.
It is noted that this is just one ACK example command, because in each tag communication,
the tag sends the RN16 randomly.
4.2 Low Pass Filter for R→T Communication
To fulfill the power transmit mask, a low pass filter was required to develop. To build
the low pass filter in LabVIEW, a data-0 symbol [San14] was generated in LabVIEW code.
Then, the data-0 symbol was sent to the VSG and a spectrum analyser was used to see the
impact of the filter in power mask.
Before using this method, to choose the best filter for the system the matlab filter design
was used. However, it was conclued that the filter simulated in matlab has a different behavior
in LabVIEW. So, because of this reason, the trial and error method was used to find the
best low pass filter. After many tries was conclued that the better filter to fulfill the power
transmit mask is a filter with cut-off frequency of 90 kHz and with a order value of 3.
Thus, a filter block was implemented in LabVIEW which was configured like a low pass
filter and this one can be seen in Figure 4.6.
Figure 4.6: Implementation of low pass filter in LabVIEW code.
As can be seen in Figure 4.7, there is a big difference in the signal with and without filter,
and in chapter 5, the results of power transmit mask using this filter are presented.
4.3 IQ Modulator
The IQ [Ins14a] is a crucial element in RF communications, which allows to represent a
signal in a complex form. The IQ allows to give the information, when any changes happen
in phase, or amplitude, in a sine wave. Thus, using the IQ modulator, these changes in phase,
or amplitude, can be used to encode information, in other words, modulation. The I part is
composed by (4.2), and the Q part is composed by (4.3), where A means amplitude.
I = A. cos (angle) (4.2)
Q = A. sin (angle) (4.3)
IQ modulation is one modulation technique, which I is the phase component and Q is
the quadrature component. It is an efficient way to transfer information, allows modulate a
carrier and turn into waveform, and can change the carrier frequency slightly. This way, the
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Figure 4.7: Difference between a Query command without a low pass filter and with a low
pass filter.
signal can be treated as a phasor modulating. Can be seen in Figure 4.8 a block diagram of
IQ modulator, which explains how the IQ modulator works.
Figure 4.8: IQ modulator block diagram.
First, a sine with frequency f1 is generated and a cosine with the same frequency. Then,
the sine is multiplied by a carrier, and the cosine is multiplied by the same carrier, but with
90 degrees phase shift. Finally, the I and Q component are added.
The LabVIEW code used to develop the IQ modulator can be seen in Figure 4.9 and,
should be noted that a command being filtered appears, and then the IQ modulator is made,
as mentioned in subsection 4.1.1, subsection 4.1.2 and subsection 4.1.3. First, a sine and
a cosine are created, using appropriate LabVIEW blocks, then, the signals from sine and
cosine blocks are waveforms, so they need to be converted in a double. After this, the signal
(command), in number of samples, is multiplied by sine (I) and cosine (Q). Thus, the I and Q
components are created, and finally, the I component (real part) and Q component (imaginary
part) pass into a block which make these two in a complex number. So, after this process,
the RF signal is ready to be sent.
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Figure 4.9: IQ modulator used in LabVIEW code.
4.4 VSG and VSA Configuration
To interact with VSG and VSA, appropriate LabVIEW blocks (drivers) were used. Each
configuration block of the VSG (see Figure 4.10) and the VSA (see Figure 4.11) has an
established role. To send the information to VSG, the data is required to pass by an IQ
modulator, before. As was mentioned in section 4.3, the IQ modulator was made after
building the commands, so it is not required to do it in this VI.
Figure 4.10: VSG configuration in LabVIEW code.
In VSA, when data is received from the equipment, to decode the tag information (on the
specific case of this dissertation) is only part needed is the real part, so the IQ demodulator
is not required.
4.5 Decoding Information from Tag T→R
To decode the tag information, three big VIs were made: the tag information decoding,
the autocorrelation and the FM0 decoding. The LabVIEW code of these three processes
can be seen in Figure 4.12, and each one of them have, inside, the corresponding LabVIEW
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Figure 4.11: VSA configuration in LabVIEW code.
Figure 4.12: LabVIEW code for decoding tag information.
code. The first block has as purpose to process the information received from tag. The
autocorrelation block compares the information received with a sequence already known, this
way it can decode the symbols. The last block, FM0 decoding, reads the information and
gets the command information.
4.5.1 Tag Information Decoding
The sign received by tag is present at carrier frequency of 15 MHz and it was needed to
calculate the interest sign. So, using the (2.4), the BLF value was calculated, to a DR value
of 64/3 and a TRcal value of 90.2 µs. It should be noted that, the tag used in this experience,
has a DR value of 64/3. The BLF value calculated was 236.5 kHz, thus, the interest sign is
present in 15.236 MHz frequency. Can be seen in Figure 4.13 the sign received from tag with
a carrier frequency of 15 MHz and the interest sign in 15.2365 MHz.
Figure 4.13: Signal received from tag.
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To decode the interest sign, some procedures were required to do, more specifically, an
envelope detector, followed by filters [San14]. To sum up this process, the Figure 4.14 shows
the block diagram of envelope detector and filters, and each one of these blocks is described
below.
Figure 4.14: Block diagram of envelope detector followed by filters.
In Figure 4.15 can be seen the corresponding LabVIEW code.
Figure 4.15: LabVIEW with square, low pass filter, decimation and high pass filter.
Square
To do an envelope detector, a square process is used, which creates a DC component,
centering the signal in 0 Hz. Thus, the sign passes from 15 MHz to 0 Hz, and this way, the
interest sign passes to 236.5 kHz.
So, to square the sign to make this explanation, in LabVIEW code, a square block was
used, which computes the square of the sign value. The result can be seen in Figure 4.16,
and, as was expected, a DC component was created and the interest sign is in 236.5 kHz.
Figure 4.16: Signal after pass by squaring.
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Low pass Filter
The low pass filter [The04] cut the high frequencies, until a specific cut-off frequency and
allows to pass the low frequencies. The filters can have different order and can be different
types. In this dissertation, the low pass filter was used to remove the high frequencies, because
the interest sign stays in zero frequency. In LabVIEW code, a specific filter block was used
and was configured with filter specifications. To choose the low pass filter specifications some
calculations were made.
To remove the high frequencies it was necessary take into account the interest sign, which
is present in 236.5 kHz frequency. Some experiences were made to find the best low pass
filter. As was said before, the filter simulation in matlab was not used because the behavior
of filter in LabVIEW is different. Thereby, the low pass filter with a cut-off frequency of 300
kHz and with a 10 value order was used, because with these specifications the interest sign
bandwith is covered. A butterworth filter was chosen, because this one has a flat frequency
response and has less ripple than other types of filters, and these are the reasons why this
filter was chosen. In Figure 4.17 can be seen the signal, after having been filtered, by a low
pass filter, which contains the interest signal in 236.5 kHz.
Figure 4.17: Signal after pass by a low pass filter.
To sum up, the low pass filter was correctly developed and applied.
Decimation
The decimation process [Tan08] [ZT94] has the purpose to reduce the sampling rate. This
process permits to obtain less samples, and this way allows to interpret the data more easily
and efficiently. To reduce the sampling rate an integer factor (M) is used and the equivalent
equation is present in (4.4):
y(m) = x(mM) (4.4)
The x(n) represents the data sequence and y(m) is the downsample sequence obtained
by x(n), for all M samples. So, in decimation occurs the sampling rate reduction from Fs to
Fs/M, where Fs is the sampling frequency. Figure 4.18 shows an example of decimation.
Nevertheless, it should be noted that the alising can occur in decimation, so the M factor
must be carefully chosen.
In this dissertation, the decimation was used to reduce the samples and this way facilitate
the interest sign analysis, and, for this reason, make decoding faster. Thus, was used the
integer factor (M) of 10, so the sampling frequency was reduced to 10 MHz. It is possible
to observe the result in Figure 4.19. Comparing with Figure 4.17 it is easy to conclude that
the number of samples in Figure 4.19 is less 10 factor (Fs/M, 100 MHz/10) than Figure 4.17.
The 10 factor value was chosen, because with this value the aliasing does not happen and
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Figure 4.18: Example of decimation process.
the number of samples is significantly reduced. In LabVIEW code, a specific block was used
which does the decimation.
Figure 4.19: Signal after pass by decimation.
High Pass Filter
The high pass filter [The04] cut the low frequencies, until a specific cut-off frequencies,
and allows to pass the high frequencies. As was mentioned in low pass filter, the high pass
filters can have different order and can be different types.
In this dissertation, the high pass filter was used to remove the DC component, so, this
way, the interest sign is the only one that is analyzed. So, the interest signal is present on
236.5 kHz frequency, and, for this reason, the high pass filter must have a cut-off frequency
less than this value. To choose the right cut-off frequency, for the high pass filter, some
experiences were made, and in the end, the high pass filter with 78 kHz and with 4 order
value was chosen. A butterworth filter was chosen for the same reason than in Low pass filter.
In LabVIEW code, a specific filter block was used and was configurated with filter speci-
fications. In Figure 4.20 can be seen the signal after being filtered by a high pass filter. Can
be seen in figure, that the interest sign was treated and it was centered in zero.
Figure 4.20: Signal after pass by high pass filter.
After finalisation the envelope detector and filters process, which treat the interest sign,
this one is ready to be decoded.
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4.5.2 Autocorrelation
The autocorrelation [Bro06] is a mathematical function, which allows to detect standards
and repetitions in signals. This function can measure the correlation relation between a
variable, in determined period time, with itself, in other period of time. Thus, it is useful for
detecting variables, sequences and frequencies in signals with noise, which makes this function
cructial in signal processing.
So, it can be said that the autocorrelation is the linear dependence of some variable with
itself, in two different time periods. Because of this reason, the autocorrelation (4.5) [Mata]
depends of h (the time lag between times) and the y0, which is the lag zero convariance.




In this dissertation, the autocorrelation was used to detect the RN16 and the PC, EPC
and PacketCRC commands from tag. Therefore, a known sequence was used for the auto-
correlation algoritm compare with the signal from tag. This way, with this algoritm can be
detected the index where RN16 ou PC, EPC and PacketCRC start.
To develop the autocorrelation in LabVIEW code, the matlab code avaiable in [Matb]
was used. So, can be seen in Figure 4.21 an example of autocorrelation detection and then in
Figure 4.22 can be seen the signal in detail, after pass by autocorrelation process. It should
be noted that complete pilot tone is not present in Figure 4.22.
Figure 4.21: Signal after autocorrelation process.
Figure 4.22: Signal detected by autocorrelation.
4.5.3 FM0 Decoding
In FM0 decoding part decodes the information sent by tag, because the data arrives after
autocorrelation part.
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The first thing to be done, to decode the tag information, it to know the tag specifications.
In this case, a DR value of 64/3, a TRcal value of 90.2 µs, and consequently a BLF value of
236.5 kHz (2.4), with pilot tone was used. Then, the (4.6) to calculate how many samples a





So, the result obtained was 42.3 samples. Nevertheless, from Table 2.18, the minimum
and maximum number of samples of each symbol can be calculated, and this way an efficient
detection of each symbol can be done. Thus, using the Table 2.18, to calculate the minimum





To sum up, was calculated a minimum number of samples of 41.34 and a maximum of
43.46 samples. In Figure 4.23 can be seen the relationship between of number of samples and
each symbol, in FM0 encoding.
Figure 4.23: Relationship between symbols and number of samples.
It can easily be concluded that in data-0 symbol exists two zero spots, and in data-1 symbol
exists one zero spot, excluding the first one. This conclusion is a big help to implement the
algorithm to do the FM0 decoding. To develop this algorithm it is fundamental to know the
number of samples of each symbol.
In summarised form, in algorithm it is verified if transitions in zero exist, so if one transi-
tion until 44 samples (43.46 round up) exists, it is a data-1 symbol, and if two transitions until
44 samples exist, it is a data-0 symbol. Furthermore, if no transition exist until 44 samples,
it is a violation symbol. As a result of this algorithm, all tag information can be decoded.
In Figure 4.24, an example of RN16 detection can be seen, after passing by the tag
information decoding, autocorrelation and FM0 decoding.
4.6 Application Use Case (Spectrum Analyzer) Implementa-
tion
To implement the spectrum analyzer and spectrogram application, two relevant LabVIEW
blocks were used, the Fast Fourier transform (FFT) block and the spectrogram block. The
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Figure 4.24: Example of RN16 detection after pass by the tag information block, autocorre-
lation and FM0 decoding.
FFT [Tod] technique is very important in digital signal processing because it calculates the
Discrete Fourier Transform (DFT). This way, the FFT decomposes in different frequencies
components a sequence of values. So, using this simple LabVIEW block, the power spectrum
can be obtained. Figure 4.25 shows the LabVIEW code, which used the FFT power spectrum
block (block with PS/PSD name).
Figure 4.25: LabVIEW code responsible for calculate the power spectrum.
The spectrogram block calculates the intensity variation of the power spectral density, in
LabVIEW block, and the respective LabVIEW code can be seen in Figure 4.26.
Besides these two important blocks, the biggest amplitude value in dBm and frequency
was required to find, because it is important to know in which dBm value the signal is present.
In Figure 4.25 can be observed the detects block, which is responsible for doing the calculation
of maximum dBm value detected, and the respective frequency.
This way, with this simple LabVIEW code it is possible to build a power spectrum and
spectrogram application.
4.7 RF-DC measurement system
To implement the RF-DC measurement system a LabVIEW was used, as can be seen in
Figure 4.28. For this purpose, the NI PXI 5652 was activated. After, the a1 and b1 were read
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Figure 4.26: LabVIEW code responsible for generate the spectrogram.
from RX modules, it was required to calculate the S11 and the efficiency. These two results
were obtained using (4.8) and (4.9). It should be noted the power values used to calculate










A block to calculate the best result of each power value was made. The code is very
simple, because only the bigger value of efficiency is found in the efficiency array. Finally, a
block to save all information about each measure was made and the LabVIEW code can be
seen in Figure 4.27.
The main results obtained in the course of this dissertation will be shown in the next
chapter.
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Figure 4.27: LabVIEW code of save data in a file.




This chapter presents the results obtained in this dissertation, in stimulus-response archi-
tecture, as well as, in real-time interrogator emulation architecture. All measurements made
will be presented and a comparion between the two architectures, and thus better understand
these results. The results of spectrum analyzer and spectrogram application and the RF-DC
measurement system are presented too.
5.1 Commands Validation
The first thing to be done to verify if the system was well developed, was verify if the
commands were well done. In the first place, the number of samples of preamble (used in
R→T communication) was calculated and then, in oscilloscope, the number of samples of
preamble matches with the equivalente time duration of preamble was verified.
As it was explained in subsection 2.5.4, the preamble is composed by delimiter, data-0,
RTcal and TRcal. The preamble used was the preamble built in Table 4.1. Thus, like it was
presented in Table 4.1, the total duration of preamble is 16270 samples, which corresponding
to 162.7 µs.
Therefore, after calculation of the theoretical preamble time, the practical measurement
was executed, using an oscilloscope in laboratory. To do this, the preamble was sent from
PXI equipment, using LabVIEW programming, to VSG. Figure 5.1 proves that the preamble
time was successfully achieved, so the preamble duration obtained was 162.8µs.
After preamble duration verification, a verification of the process was made by sending a
Query command. So, it was verified if the sequence of preamble, Query command had the
right duration.
The same calculation process was applied to verify the preamble and Query command
duration. The data-0 and data-1 values obtained in Table 4.1 were used, and the total
duration of preamble and Query command is 586700 samples, which corresponds to 586.7 µs
. It should be noted the preamble has 16270 samples, as presented before, and the Query
command has 42400 samples, which has 6 data-1 symbols (2800 samples each symbol) and
16 data-0 symbols (1600 samples each symbol). In Figure 5.2 can be seen the confirmation
value of 586.7 µs for preamble and Query command together.
Figure 5.3 shows all communication sequence and the tag response. First of all, the
preamble command can be seen, then, the Query command, and, finally, the Continuous
Wave (CW). Consequently, the RN16 is observed, which is the tag response command.
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Figure 5.1: Preamble duration verification.
Figure 5.2: Preamble and Query command duration verification.
Figure 5.3: Tag response validation.
It should be noted that this verification was made for frame-sync and ACK commands in
(R→T communication) and the same logical thinking was applied.
To test the frame-sync, the same frame-sync of subsection 4.1.1 was used. Thus, the frame-
sync should have 72.5 µs and Figure 5.4 proves that this goal was achieved, by oscilloscope
measurement.
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Figure 5.4: Frame-sync duration verification.
After frame-sync validation, the ACK command was tested, and to do this the same ACK
command was used, which was present in subsection 4.1.1. This example of ACK command
is composed by nine data-0 symbols and nine data-1 symbols. That is why, in this example,
the ACK command has a duration of 396 µs. Therefore, the frame-sync and ACK command
together make a duration of 468.5 µs. Figure 5.5 shows the duration of frame-sync and ACK
command duration, measure in osciloscope.
Figure 5.5: Frame-sync and ACK duration verification.
The preamble duration was fulfilled, the Query command duration was fulfilled and the
tag replies with the RN16 command, so can be conclued that the commands validation has
been successfully implemented. The frame-sync and ACK command were fulfilled too.
5.2 Stimulus-Response Architecture Results
As it was detailed in chapter 3, the stimulus-response architecture is composed by several
elements. Figure 5.6 shows the stimulus-response setup used in laboratory to build this
architecture, which has the VSG, the VSA, transmission and reception antennas and the tag.
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It is noted that, in this figure, the PXI platform does not appear, but is connected by ethernet
with VSG and VSA.
Figure 5.6: Stimulus-response architecture setup.
After this architecture was setup, its LabVIEW code was used, as explained in section
3.1. In Figure 5.7 can be seen the LabVIEW user interface of this architecture.
Figure 5.7: Stimulus-response architecture user interface.
As can be seen in Figure 5.7, in this interface, the user has the possibility to choose the
Query command parameters and to see immediately the commands that will be sent.
In Figure 5.8 can be seen the VSA user interface, in LabVIEW code, which contains a
chart with preamble and Query command sent to tag, and then can be seen the tag reply
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with RN16 command. Below this chart, can be seen the RN16 decoding and the constitution
of ACK command.
Figure 5.8: VSA user interface.
5.2.1 Distance Measures for Reader and Tag Communication
To measure the maximum distance and the minimum power which tag replies, two meth-
ods [Nik09] were used and block diagram presented in Figure 5.9. In first method is used a
constant value of distance and the power is variable. In second method power is constant,
but the distance to the tag is variable .
To apply these methods, the friis equations for free space propagation (5.1) and (5.2) are
used. The relationship between these two equations gives the (5.3). In this equations, it
is necessary to know the definition of some terms, Equivalent Isotropically Radiated Power
(EIRP), the Ptag is the tag sensitivity, the λ is the wavelength, the rtag is the tag maximum
range, the Pmin is the minimum power, the Gt is the gain transmitting antenna and the d is










Figure 5.9: Measurement method to find the maximum distance and the minimum power






These methods were used because they gives two important pieces of information, the
minimum power needed for tag reply and the maximum distance that tag replies.
Before applying these methods, some measures were made and the results obtained for
the Alien tag ,in Table 5.1, and for the ID Solutions tag, can be seen in Table 5.2. To obtain
these results, a low power value was used and then was observed the maximum distance that
tag replies. After that, the power value was increased in little steps until maximum power
value of VSG and then was observed the maximum distance that can communicate with the
tag, for each value of power. It is noted that a spectrum analyzer was used to verify the
exact power value, for each case, and for this reason, was used the power values present in
Tables 5.1 and 5.2. It should be noted too, that the same power values were used for both
tags, because this way, the comparison between these two, can be seen more easily. Only the
minimum power values which tag replies are different, and the maximum power values are
equal for both tags, because it is the maximum power limit available by the equipment.
Power (dBm) -12.4 -10.4 -10 -7.4 -6.1 -5.7 0.6 1.6 3.6 8.5
Distance (cm) 7.5 8.2 12.4 19 28 39 42 47 62 92
Table 5.1: Alien tag power and distance results for stimulus-response architecture.
Power (dBm) -12.6 -10.4 -10 -7.4 -6.1 -5.7 0.6 1.6 3.6 8.5
Distance (cm) 7 8 12 17 20 31 40 45 67 90
Table 5.2: ID Solutions tag power and distance results for stimulus-response architecture.
Observing the results in Figure 5.10 it is possible to verify the influence of the increasing
power in tag reply.
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Figure 5.10: Relationship between increased power and the tag reading distance in stimulus-
response architecture, for both tags.
After that, the tag sensitivity basis of (5.2) was calculated for both tags. The tag sensi-
















Alien 3.108 915 7 4.6 0.3 -5 -19.21
ID Solutions 3.108 915 7 4.6 0.3 -5.5 -19.71















Alien 915 7 0.75 9.6119 1 1.80
ID Solutions 915 7 0.70 9.6119 1.2 1.78
Table 5.4: Tags results for fixed power and variable distance method for stimulus-response
architecture.
It should be noted that these measurements were not made in anechoic chamber, as usual
in these test scenarios because it was difficult to transfer all the equipments there. Comparing
the tag sensitivity results for both tags (Alien: -19.21 dBm, ID Solutions: -19.71 dBm) in
this architecture, with theoretical value (-20 dBm [Tec14c]), can be concluded that the results
are very close to the theoretical value. Regarding maximum range obtained for both tags,
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the practical value and the theoretical value have little difference (Alien: rtag=1.80 m and
dmax=0.75 m, ID Solutions: rtag=1.78 m and dmax=0.750 m, ). However, in these calculations
the cable losses were not considered, which justifies these differences.
5.2.2 Short Architecture Conclusion
In fact, the stimulus-response architecture was not the best choice to implement the RFID
reader, because the communication times between reader and tag were not accomplished. For
this reason, only the first step of communication was completed. First, the Query command
was sent from PXI, to the VSG. This initialization command starts the communication
between reader and tag. After this command was sent, from PXI to VSG, in VSG it was
necessary to select the file that contains this command. From that moment, it was esily
realized that this step would be a big limitation to fulfill the times between the command
sent from the reader to the tag, because the times are on the order of microseconds. The
RN16 was obtained and decoded, hence the EPC would be decoded too, because the process
is equal, however it was not possible to obtain the EPC because of the reasons explained
before.
Nevertheless, as was explained in chapter 3, the first step of communication was completed,
because, after sending a Query command to tag, the tag answered with RN16 command. This
response command from tag, the RN16, was observed in PXI through communication with
VSA. To obtain the VSA data, with tag response, it was necessary to make immediate capture
from this equipment, and this control was made in PXI, through human control.
Thus, due to the fact that it is necessary to select, in VSG, the file which contains the
commands to send to tag, and it is also necessary to control in PXI, the data from VSA, the
time between the tag and the reader can not accomplished. This limitation can be overcome
with a system where the transmission is made in real time without requiring human control
during the whole communication.
Regarding tags, can be concluded that the measures to calculate the tag maximum range
and the tag sensitivity went well, because the practical values were close to the theoretical
values. The maximum distance was increased when the power value was increased.
However, with this architecture, it was proved that it is possible to send a Query and
receive and decode the RN16 command from tag. So this architecture is possible to make
RFID tag tests distances measurements(maximum distance and minimum power, which tag
can reply), in laboratory, using this application in plataform PXI, and the only thing that it
can not do is get the EPC.
5.3 Real-Time Interrogator Emulation Architecture Results
This architecture is easily built, because the RF modules are connected to the PXI chassi.
Figure 5.11 shows the setup of this architecture.
As can be seen, this architecture is composed by the PXI, both RF modules (NI 5792
and NI 5793), the transmission and reception antennas and the tag. In Figure 5.12 shows the
LabVIEW interface, and it is possible to observed the last part of the Query command, the
continuous wave and the RN16 command, which is the tag reply. The RN16 decoding, the
ACK command built and, at the end the sending of the ACK command can be seen.
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Figure 5.11: Real-time interrogator emulaton archictecture setup.
Figure 5.12: Real-time interrogator emulaton archictecture result.
5.3.1 Distance Measures for Reader and Tag Communication
In this architecture, the same measure method was used as the stimulus-response archi-
tecture to measure the minimum power and to find the maximum range which tag can reply.
Figure 5.13 shows how this measurement method works in this architecture.
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Figure 5.13: Measurement method to find the maximum distance and the minimum power
which tag replies in real-time interrogator emulation architecture.
So, like in stimulus-response architecture, measures were made about maximum power
and maximum range for both tags, which can be seen in Tables 5.5 and 5.6, and in Figure
5.14, the respective graph can be seen.
Power (dBm) -10 -8 -4.8 -2.8 -1 -0.5 3.3 4.7 7.7 8.9
Distance (cm) 9.3 20 39 40 44 47 55 73 84 95
Table 5.5: Alien tag power and distance results for real-time interrogator emulation architec-
ture.
Power (dBm) -9.3 -8 -4.8 -2.8 -1 -0.5 3.3 4.7 7.7 8.9
Distance (cm) 10.5 25 35 39 45 49 61 72 85 108
Table 5.6: ID Solutions tag power and distance results for real-time interrogator emulation
architecture.
The tag sensitivity and the maximum range were calculated in this architecture too, for
















Alien 3.108 915 7 4.6 0.3 -5.4 -19.61
ID Solutions 3.108 915 7 4.6 0.3 -5.2 -19.41















Alien 915 7 0.71 9.6119 -5.4 1.78
ID Solutions 915 7 0.7 9.6119 -5.2 1.72
Table 5.8: Tags results for fixed power and variable distance method for real-time interrogator
emulation architecture.
It can be concluded that the practical values for tag sensitivity and for maximum range
(Alien: -19.61 dBm, ID Solutions: -19.41 dBm) are very close to theoretical values (-20
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Figure 5.14: Relationship between increased power and the tag reading distance in real-time
interrogator emulation architecture, for both tags.
dBm [Tec14c]), like in stimulus-response architecture. Once again, the cable losses were not
take into account for these calculations, so the little difference in maximum range (Alien:
rtag=1.78 m and dmax=0.71 m, ID Solutions: rtag=1.72 m and dmax=0.70 m, ), can also be
in principle justified by this fact.
5.3.2 Short Architecture Conclusion
In this architecture, the same limitation occurred, as mentioned before, because the time
needed to send the data (commands) to FPGA is in milliseconds. So, the time in microseconds
(T1 and T2) was expired and it was not possible to fulfil the entire protocol to obtain the
EPC. Although, the RN16 command was obtained from tag, and this one was decoded. Thus,
the same process to get and decode the RN16 command from tag is equal to get and the EPC
from tag, and, this way, it can be concluded that only the T2 time was not fulfilled, in this
architecture.
As was mentioned before, the FPGA processing was essential to fulfil the T2 time, but
it was intended to prove that this time was not obtained mathematically. To conclude that
the time to send data to FPGA is in milliseconds, some tests and calculation are made. First
several tests were made to understand which is the right time to receive the data from RX
module (NI 5792) and this way minimize the T2 time. Then, after understanding which is
the right time to start the RX module capture, it was concluded that this time of capture
is important to minimize the T2 time. Finally, the maximum T2 time (20Tpri) according to
Table 2.17 and (2.3) was also calculated to verify that ACK command was not sent just in
time. Table 5.9 shows the value of each parameter to calculate the T2 result.
Thus, the maximum time the tag to reply would be in 84.56 µs, which corresponds to
8456 samples. In Figure 5.12, it can be seen that to capture the entire RN16, many samples
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TRcal (µs) DR BLF (MHz) Tpri (µs) T2 (µs) T2 (Number of samples)
90.2 64/3 0.2365 4.228 84.56 8456
Table 5.9: T2 calculation.
are required to be captured. Even if (this test was made) the number of samples captured,
by RX module, was minimized, it always required more or less 20000 samples. This way, it
is not possible to decode the RN16, create the ACK command, send again through the TX
module (NI 5793) and capture by RX module, in less than 8456 samples. The objective of
this calculation is to explain that even if all decoding code was optimized, the limitation time
is already overtaken by FPGA capture in RX module and in sending data in TX module.
It can be concluded that the results obtained have good distance values, as well as, good
power values. In tags results, the conclusion is that the practical and theoretical value are
very close, so the measures results went well.
However, as was presented, the RN16 command was obtained from tag. So with this
architecture it is possible to have a LabVIEW application, which allows RFID tags tests
and measures, to obtain the maximum distance and the minimum power, which the tag can
give. In this regard, the tag tests and measures results were presented, according to this
architecture.
To summarize, it can be said that this architecture presents a good behavior for an appli-
cation which provides tag tests and measure, with a simple setup and it is user-friendly.
5.4 Comparison Between Stimulus-Response and Real-Time
Interrogator Emulation Architectures
A comparison between two architectures was made to have an overview about system
performance. Table5.10 shows the tags results for both architectures. As can be seen in
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-9.3 -8 -4.8 -2.8 -1 -0.5 3.3 4.7 7.7 8.9
Distance
(cm)
10.5 25 35 39 45 49 61 72 85 108
Table 5.10: Comparision between tags results in stimulus-response and real-time interrogator
emulation architectures.
Comparing the tags sensivity results for both architectures can be said that the results
are very closely, as can be seen in Table 5.11 and the conclusion it is that both architectures
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Figure 5.15: Comparison between stimulus-response and real-time interrogator emulation














































Table 5.11: Tags sensivity and maximum range obtained results for both architectures.
have similar performance.
Considering the dissertation objectives, in both architectures were accomplished. Al-
though, as was mentioned before, only the EPC was not obtained in both architectures.
Comparing these two architectures, the real-time interrogator emulation has better behavior,
because has not the file limitation (as explained before) as stimulus-response architectures
has, which makes this architecture more useful for measurement and tests in laboratory.
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5.5 Power Transmit Mask
It was established to fulfill a mask of dense-interrogator environment. So, to prove that,
this milestone was fullfiel, a spectrum analyzer was used. In Figure 5.16, the result of this
measure can be seen, although the theorical limits appear in red and the practical results in
white.
Figure 5.16: Power transmission mask fulfilled.
Looking at Figure 5.16, and analyzing it, the conclusion is that the sign is below of
maximum limit of 33.01 dBm, and in the second channel the sign is below the maximum limit
of 30 dBch. In Figure 5.17 it can be seen that bandwidth of the transmission channels was
also fulfilled, because the theorical value is 500 kHz and a distance of 222.3 kHz was obtained.
Only in channel 2, the maximum limit was exceeded. However, when this limitation was
noted, it was attempted to get a better filter to improve this condition. Although, after many
tries, the conclusion was that if other filters were used, other parameters would be exceeded.
Nonetheless, the decision was to used this filter, because in all other filters scenarios, this
filter had the best behavior.
To conclude, in both architectures, the power maks was fulfilled.
5.6 Application Use Case (Spectrum Analyzer) Results
The spectrum analyzer and spectrogram application system has a very simple setup, which
just contains the receiving antenna, connected to the NI 5792, and the PXI platform. The
setup can be seen in Figure 5.18.
To test the system, an extra antenna was required to send a signal. This antenna was
connected to VSG and transmitted an RFID signal at 915 MHz. Then, the spectrum ana-
lyzer application was started and the spectrum behaviors around the band of interest have
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Figure 5.17: Power transmission mask bandwidth.
Figure 5.18: Setup of spectrum analyzer and spectrogram application system.
been analyzed. It is possible to observe, in Figure 5.19, the result of the real-time captured
spectrum behavior (signal at 915 MHz, like it was expected), in power spectrum graph and
in spectrogram form.
As was mentioned before, this application was made to choose the UHF RFID frequency
band in worldwide, so the user interface has the list of each UHF RFID frequency band to be
chosen, for each case that the user wants, and it can be seen in Figure 5.20. After detecting
the signal, a test was made to calculate the maximum range that this application can read a
signal, and the maximum value obtained was 21.2 meters.
In summary, this application was well implemented, having an user-friendly interface and
a simple setup, it is possible to see the UHF RFID signals in power spectrum and spectrogram
for a significant distance.
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Figure 5.19: Power spectrum and spectrogram display result.
Figure 5.20: User interface of spectrum analyzer and spectrogram application.
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5.7 RF-DC measurement system
The RF-DC measurement system has a simple setup too. Figure 5.21 shows the setup
of this system. A RF-DC circuit [Bel14] was connected to test the system. In order to
understand the behavior of this system the results were compared with the experimental
results in [Bel14], which can be seen in Figures 5.22 and 5.23. Table 5.12 shows the results
in detailed.
It can be concluded that the results obtained were very similar.













939 -10 0.52 -10.38 9.10
Experimental
Results in [Bel14]




1878 -10 0.48 -28.09 6.7
Experimental
Results in [Bel14]
1878 -10 0.49 -10.39 5.9
Table 5.12: Comparison results between RF-DC measurement system and experimental re-
sults in [Bel14].
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Figure 5.22: Comparison between RF-DC measurement system results and experimental
results in [Bel14] for Vout values.
Figure 5.23: Comparison between RF-DC measurement system results and experimental
results in [Bel14]I for efficiency values.
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Chapter 6
Conclusions and Future Work
6.1 Conclusion
The main objectives defined for this dissertation were clearly achieved. The system allowed
to test tag functionality, in both architectures. Not only the maximum distance that the tag
can reply, but also the minimum power needed for tag reply was achieved, also in both
architectures and the tags result obtained for both architectures were similar. The power
spectrum and spectrogram application was well implemented, giving a great overview of the
UHF RFID spectrum and it was a useful application case of the RFID reader.
Regarding RFID reader, it can be stated that the only thing that missed in the system
was to get the tag EPC, because all steps in RFID reader were well implemented, besides
this one. As was mentioned before, these steps were not achieved in both architectures. The
reason why this did not occur in stimulus-response architecture is because it is necessary in
VSG to select the files, and, obviously, the time limit of tag reply is exceeded. The same
limitation occured in real-time interrogator emulation architecture, because the time to send
and process the data to FPGA is bigger than the maximum time that tag can wait to reply.
Although not having achieved the expected results in stimulus-response architecture, since
there was a fail to fulfill the communication time between the tag and the reader, it was tried
to overcome this difficulty looking for other architecture, the real-time interrogator emulation
architecture. However, as mentioned, the same limitation occurs, but due to another reason.
It can be concluded that the big advantage of real-time interrogator emulation architecture,
comparing to the stimulus-response architecture is the fact of this architecture having the
RF modules connected to the PXI, which makes this system easier to interact and to process
with tag.
With regard to RFID reader, the conclusion is that the system specifications and all the
system steps were accomplished, since the power mask was fulfilled, the tag replied with a
RN16 and the system decodes the RN16 command.
Finally, the RF-DC measurement system gave some important parameters values about
RF-DC circuits to improve their efficiency, as was expected, but a calibration method is
required to improve the system.
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6.2 Future Work
For future work, it is important to try to explore a way to put the file sent by PXI for VSG
without requiring human control. Thus, the limitation of time communication commands,
between the reader and tag, is outdated.
In the end of this dissertation, a little bit about PXI FPGA was explored, in order to
understand how it works. Nevertheless, more time is required to understand efficiently how
PXI FPGA works. This possibility was studied, because it is believed that processing the
data in FPGA the time limitation is overdue.
Regarding power spectrum and spectrogram application, these could be tremendous assets
adding to a persistent chart because the preservious version is preserved and, this way, more
information is given to the user.
The RF-DC measurement system will be optimized, using a rigorous calibration method,
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Abstract— This paper describes a RFID characterization 
approach using LabVIEW. The work is focused on RFID 
characterization, wireless power transmission and 
electromagnetic energy harvesting applications. The use of PXI 
module and the implementation of a LabVIEW code for mixed-
domain (RF and DC) characterization and modeling is presented. 
Keywords—Mixed-domain; PXI; LabVIEW; RFID; Wireless 
Power Transmission; Energy Harvesting; RF-DC; 
I.  INTRODUCTION  
1 A characterization approach based on specific PXI 
instrumentation is developed using measurement solutions for 
RFID, RF-DC converters, and so on. These test and 
measurement solutions are important to guarantee the 
optimization of circuits, mainly when the energy efficiency is 
to be maximized, being such a key point in wireless power 
transmission and electromagnetic energy harvesting. A mixed-
domain measurement test bench was developed, which 
combines synchronous measurements of radio-frequency (RF) 
and DC ports. In order to use these characterization systems in 
useful applications the first development was to apply it to 
RFID (radio-frequency identification) circuits. In this sense, 
the excitation of an RFID tag should be done following a 
convenient protocol. This is why the first approach was to 
design an RFID reader that could be embedded into the 
characterization instrument. For this purpose, an RFID reader 
and the respective LabVIEW code has been developed, in 
order to demonstrate the applicability of modular instrument. 
Two architectures have been implemented, one based on a 
stimulus-response strategy and another for a real-time 
interrogator emulation [1].  
The RFID reader uses International Standards Organization 
(ISO) 18000-6C RFID communication protocol [2], which 
operates in the 860-960 MHz frequency range. In downlink is 
used Pulse Interval Encoding (PIE) encoding with the On/Off 
Key (OOK) modulation. In the uplink it is used Bi-phase 
space (FM0) coding. 
II. AUTOMATED RFID READER BLOCKS 
In order to explain the overall implemented system we will 
describe each sub-system individually. 
                                                            
1 This work is funded by National Funds through FCT – Fundação para a 
ciência e a Tecnologia under the project PEst-OE/EEI/LA0008/2013; 
UID/EEA/50008/2013 and by Instituto Telecomunicações under project 
CREaTION (ref. EXCL/EEITEL/0067/2012) 
A. PXI platform 
The PXI platform from National instruments (NI) is a robust 
computer with high performance. This system is designed to 
provide reliable and easily configurable measurements 
solutions. The system used in our lab uses a pack of software 
and capturing and generator RF signals that makes it suitable 
for the proposed RFID characterization system development. 
Fig. 1 presents such a platform. 
 
Figure 1.  PXI platform 
The LabVIEW programing is a graphical programming 
developed by NI. It was used in this development because of 
its simplicity and compability with most of the selected sub-
systems. LabVIEW language follows a data flow model, 
which makes it very functional for data acquisition and 
handling of information.  
B. RFID Tag (DUT) 
Radio-frequency identification (RFID), is a technology that 
uses RF signals for identification purposes. This identification 
method allows to store a serial number that identifies a person, 
object or another type of information within the tag. The RF 
waveform approach followed used a backscatter solution 
where the RF signal transmmited by the “reader” is modulated 
in amplitude and received back for demodulation. In order to 
implement such a “reader” a waveform design should be made 
according to the RFID protocol, [2].  
C. Receiver and Transmitter Front-ends 
The PXI platform has the ability to add different types of 
front-ends to work like receivers and transmitters and has the 
possibility of processing the data with FPGAs. To demonstrate 
the extent of the test system was used the external VSG and 
VSA connected (via Ethernet) to the PXI. Thus, it was used 
the VSG and VSA in a stimulus-response architecture to 
implement the RFID reader.  
For the real-time emulation architecture two modules from 
NI, NI 5792 and NI 5793 have been employed. The NI 5792 
and NI 5793 are a RF receiver and transmitter, respectively, 
adapter modules, which are designed to connect to the PXI 
platform. These modules are internally connected to a 
FlexRIO FPGA module.  
III. RFID READER  
As mentioned before, it was implemented two different 
architectures. It is proposed to build an RFID reader for the 
Ultra High Frequency (UHF) range between 902-928 MHz 
(used in the United States of America) and in a dense-
interrogator environment. This choice was made because two 
reasons. First, because it is more difficult to fulfill the system 
specifications with adjacent channels, in comparison with 
channels separated by 600 kHz, as in the case of the European 
UHF RFID range. Secondly, because it is more challenging to 
fulfill the power mask of the dense-interrogator environment, 
than a single-interrogator environment, it is only necessary to 
develop stipulated standards by regulators, or then, multiple-
interrogator environment, in which the readers occupy just 
some of the channels. Figure 2 shows the RFID reader block 
diagram. 
 
Figure 2.  RFID reader block diagram  
The communication between the reader and the tag should 
fulfil a group of several commands imposed by the standard. 
In Figure 3, it can be observed an example for a complete 
reader sequence and tag reply. The RFID reader sets the data 
rate by means of the preamble command that initiates the 
communication between the reader and the tag. 
The encoding of information that goes from the reader to the 
tag is made up of two symbols, the data 0 and data 1. These 
symbols are obtained by PIE encoding, and the Type A 
Reference Interval (Tari) value can change between 6.25 us 
and 25 us. The Tari number is a time interval for data-0 in 
Interrogator-to-Tag signalling. Communication between the 
reader and the tag is initiated by a preamble followed by a 
query command. Figure 4 shows the detailed composition of 
the preamble sequence. 
 
Figure 3.  Commands sequence between the reader and the tag 
 
Figure 5 shows the construction of the preamble in 
LabVIEW. The preamble command is just one of several other 
commends necessary for the RFID testing and identification, 
which have been created in the implemented PXI platform.  
 
Figure 4.  Frame Preamble scheme 
 
Figure 5.  Frame Preamble scheme results in LabVIEW 
A. Stimulus-Response Architecture 
To develop an RFID reader, using LabVIEW programing, 
the first approach followed the stimulus-response architecture.  
In such an architecture, the VSG (acting as reader 
transmitter) interrogates the tag with a “query” command, and, 
in parallel, sends a digital marker to trigger the VSA (acting as 
reader receiver). This way, the VSA captures the signal replied 
back by the tag and process the information in the PXI 
processor (host computer). It has been chosen as a first 
approach because it is easy to implement.  
Figure 6 shows a simple block diagram of the RFID reader 
in a stimulus-response architecture.  
In fact, this architecture was not the best choice to 
implement the RFID reader, mainly because the 
communication time between reader and tag cannot be 
accomplished. Due to this reason, only the first step of 
communication has been completed. Firstly, the PXI (host 
computer) configures the VSG to send a “query” command. 
This command starts the real communication between reader 
and tag. After some specific tests, we noticed that this kind of 
implementation will pose several limitations to fulfill the 
necessary timing between the commands to be exchanged 
between reader and tag, because the times were in the order of 
milliseconds, while the time slot to be accomplished according 
to the standard should be in the order of few microseconds. 
Anyway, the first step of communication was completed, 
since after sending the “query” command to tag, it has replied 
with RN16 command, as expected. This replying command 
from tag (RN16) was received in the VSA (emulating reader 
receiver) and processed in the PXI host computer. After these 
steps, the RN16 received data should be processed in the host 
computer and sent back to the tag as an “acknowledge” 
command. It is exactly in this point where the RFID standard 
is jeopardize, because the timing responses have been 
completely violated.  
To overcome this failure in the implemented stimulus-
response architecture, it would be required a system that can 
process the data in real-time without any human control in the 
middle of the commands set. However, this real-time 
implementation is not possible to be realized in this 
architecture, but it was tested and validated the first set of 
reader commands and associated tag replies.  
 
Figure 6.  Stimulus-response architecture 
B. Real-Time Interrogator Emulation Architecture 
Since with the previous stimulus-response architecture it was 
not possible to fulfill the communication timings between 
reader and tag, it was necessary to study and evaluate other 
alternatives. The option that has been though considered 
different transmitter and receiver RF front-ends, which allow 
sending commands between reader and tag in an almost real-
time condition. Therefore, it was decided to implement the 
new version of the RFID reader system with the FPGA-based 
RF front-end modules existent in the available PXI platform, 
see Fig. 1. This way we have used a FlexRIO module (NI-
5793) for the transmitter and the module NI-5792 for the 
receiver, and both connected to the FPGA boards inserted in 
the PXI chassis. The NI-5792 and NI-5793, RF receiver and 
transmitter, respectively, are both adapter modules designed to 
work in FPGA module. Thereby, it was chosen the real-time 
interrogator emulation architecture to the RFID reader system. 
Figure 7 shows the real-time interrogator emulation 
architecture. The reason to choose such an architecture is 
because the RF modules are connected to FPGAs, and in this 
way, being able to decode and retransmit the required 
commands within several microseconds. It was verified that 
some of the limitations of the previous architecture have been 
overtaken in the current real-time interrogator implementation.  
 
Figure 7.  Real-Time Interrogator Emulation architecture 
Nevertheless, there were some additional issues found in 
the proposed architecture that also preclude the imposeed 
severe timings between commands. The main reason for that 
to happen will be discussed in the next section . 
IV. RESULTS 
To validate the RFID characterization system it was 
necessary to test all the individual blocks parts of the reader 
and tag communication. The main specifications to be 
accomplished by the RFID reader are in depicted Table 1. 
Table 1. RFID reader specifications 
Reader carrier frequency 915 MHz 
Bandwidth of the 
transmission channel 500 kHz 
Distance between channels None, because the transmission channels are adjacent 
Maximum output power 4 W - Effective Isotropic Radiated Power (EIRP) 






A. Transmission Validation 
First, it was built the baseband signal of “query” command. 
Then, it was checked whether the duration of this command 
was valid or not, and if the tag replied to this command with 
RN16 code. Figure 8 shows the tag response (RN16), after 
sending a “query” command.  
 
Figure 8.  Real-time interrogator reader and tag commands exchange 
B. Power Transmission Mask 
It was necessary to then verify the power of transmission 
mask in a dense-interrogator environment can be fulfilled or 
not. To make this assessment there was the need to use a low-
pass filter in the transmitter chain. Figure 9 shows the power 
mask results. The transmitted signal is between the 
transmission channel bandwidth (maximum frequency is 500 
kHz). The transmitted signal is below the allowed power limit 
of 2 Watt as imposed by the national regulator (ANACOM). 
The transmitted signal respects the attenuation imposed by 
protocol.  
 
Figure 9.  Power Mask 
C. Reception Validation 
To carry out the decoding of the received information from 
the tag it was necessary to obtain the signal envelope by doing 
the square of the signal, pass in a low-pass filter, then 
decimate and a high-pass filter, check [3] for more details. As 
mentioned, the square of the signal followed by a low-pass 
filter to remove higher frequency components returns the 
signal envelope. Then, the signal is decimated by a factor of 
10, to reduce the number of samples to process, and finally, 
the high-pass filter was implemented to remove the DC 
component, since we are only interested in the few MHz 
components. After that, to detect the RN16, an autocorrelation 
function was employed. The autocorrelation can detect the 
sequence that is intended through the comparison with a 
sequence already known. Figure 10 shows all system working 
flow. It is possible to observe the “query” command, the 
RN16 reply from the tag and the “ACK” command created at 
the reader by decoding the RN16 received data. However, it 
was not possible to obtain the EPC tag (ID). The reason for 
this to happen in the real-time interrogator emulation 
architecture, is due to the fact that the time required to extract 
samples for decoding the RN16 exceeds the maximum time 
that the tag will wait for an “ACK” command. So, even if the 
RN16 decoding algorithm is optimized, due to this limitation, 
it is impossible to put the system to operate without using the 
processing of the information in a real-time manner, [4]. For 
instance, implementing all these coding and decoding loops 
inside one of the FPGA blocks available in the PXI platform, 
but this is out of the scope of the current work.  
 
Figure 10.  Query command, RN 16 tag reply and ACK 
command 
D. Maximmum system range 
After performing some measurements, it was concluded that 
the system responds to a minimum power of -9 dBm for a 
fixed distance of 5.5 cm. For a maximum power of 30 dBm (1 
Watt) the system can respond up to an average distance of 93 
cm. 
The RFID reader is capable to work in different carrier 
frequency to be defined/changed by the user. 
V. CONCLUSIONS 
The LabVIEW-based RFID reader developed in this paper 
was step forward in the design of mixed-domain (RF-to-DC) 
characterization tools. This system will be the key sub-system 
of a complete mixed-signal multi-domain characterization 
solution. The big difficulty in this work was to try to 
overcome the very severe timing limits defined in the RFID 
standard for the reader data processing and respective tag 
replies. Future work includes developing and improving the 
proposed RFID characterization system in the NI LabVIEW 
Real-Time Module. 
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Specifications
Reader carrier frequency 915 MHz
Bandwidth of the transmission 
channel 500 kHz
Distance between channels None, because the transmission channels are adjacent
Maximum output 
power
4W – Effective Isotropic Radiated 
Power (EIRP)





• The LabVIEW-based RFID reader developed in
this paper was step forward in the design of
mixed-domain (RF-to-DC) characterization
tools.
• This system will be the key sub-system of a
complete mixed-signal multi-domain
characterization solution.
• After performing some measurements, it was
concluded that the system responds to a
minimum power of -9 dBm for a fixed distance
of 5.5 cm. For a maximum power of 30 dBm (1
Watt) the system can respond up to an average
distance of 93 cm.
• The big difficulty in this work was to try to
overcome the very severe timing limits defined
in the RFID standard for the reader data
processing and respective tag replies.
• Future work includes developing and
improving the proposed RFID characterization
system using FPGA implementation.
• Developed an RFID Reader for
the Ultra High Frequency (UHF)
in PXI from NI using LabVIEW
code.
• Used International Standards
Organization (ISO) 18000-6C
RFID communication protocol.
• Used the VSG, VSA, NI 5792











T1 - Time from Interrogator transmission to Tag response for an immediate Tag reply. 
T2 - Time from Tag response to Interrogator transmission.
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